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ABSTMCT 
This r e p o r t  desc r ibes  t h e  prel iminary design e f f o r t  (Subtask B) of a s rudy  
t o  d e f i n e  t h e  most a t t r a c t i v e  low pressure ,  oxygen/hydrogen auxPl ia ry  prop~tsian 
system (APS) f o r  NASA space s h u t t l e  boos t e r s  and o r b i t e r s .  The s tudy  was per-  
formed f o r  t he  National  Aeronautics and Space Administrat ion,  Manned Spacecraft 
Center (MSC),  Houston, Texas, under Contract  No. NAS 9-11012. 
The s tudy  program was d iv ided  i n t o  two phases.  The f i r s t ,  Subtask A,  a s  a 
conceptual  subsystem d e f i n i t i o n  phase t o  i d e n t i f y  APS concepts b e s t  s u i t e d  t o  
each of two base l ine  s h u t t l e  boos ter  and o r b i t e r  veh ic l e s .  The Subtask A r e s s l t a  
a r e  summarized i n  Report MDC E0303. The second phase, Subtask B ,  (descr ibed La 
t h i s  r e p o r t )  was a  pre l iminary  des ign  of t h e  s e l e c t e d  subsystems t o  e s t a b l i s h  
g r e a t e r  understanding of subsystem des ign  and opera t ion .  A summary of t h e  m e r -  
a l l  s tudy e f f o r t  i s  provided i n  Report MDC E0293 and a  des ign  handbook containing 
d e t a i l e d  d e s c r i p t i o n s  of t h e  s e l e c t e d  boos ter  and o r b i t e r  APS concepts i s  2ro- 
vided i n  Report MDC E0301. 
The s e l e c t e d  o r b i t e r  APS concept incorpora tes  a u x i l i a r y  l i q u i d  p rope l l an t  
s to rage ,  pas s ive  tank mounted h e a t  exchangers and a  cons tan t  d e n s i t y  cclntrcl 
scheme. The hea t  exchangers cond i t i on  t h e  main engine tank resupply  prope4Lant 
and have been mounted d i r e c t l y  t o  t h e  l o n g i t u d i n a l  s t i f f e n e r s  on t h e  tank wsLE, 
The s t i f f n e s s  a s soc i a t ed  wi th  t h e  h e a t  exchanger tubes allowed a r educ t ion  in tank 
r i b  he igh t  (0 tank only) and consequently reduced t h e  hear  exchanges weigh: 2 
penal ty .  P rope l l an t  resupply requirements were minimized by a )  using a coa~a r - t -  
mented 0 tank t o  hold main engine tank r e s i d u a l  0  l i q u i d  and b) by operating 2 2 
t h e  system i n  a  mixed mode where l iquid-vapor  mixing and cons tan t  density c s n t r o i  
a r e  provided only during high usage per iods .  During low usage, p rope l l ane  v spo r s  
a r e  ex t r ac t ed  from t h e  main engine tanks and suppl ied  d i r e c t l y  t o  t h e  engines, 
This  reduces t h e  c o n t r o l  complexity r equ i r ed ,  and al though engine inlet condi- 
t i o n s  vary  wi th  tank p re s su re  and temperature f l u c t u a t i o n s ,  t h e  e f f e c t s  on engine 
performance a r e  small .  
The boos ter  APS c o n s i s t s  of p rope l l an t  d i s t r i b u t i o n  and engine assembl ies ,  
It ope ra t e s  e n t i r e l y  from main engine tank r e s i d u a l  p r o p e l l a n t s ,  requizring ne 
a d d i t i o n a l  p rope l l an t  tankage, condi t ion ing  equipment o r  mixing assembl ies ,  Sx- 
t r a c t i o n  of l i q u i d  r e s i d u a l  p r o p e l l a n t s  is prevented by g s e n s i t i v e  va lves  vkich 
al low only vapors t o  be  withdrawn. 
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The APS des ign  a s  def ined  during t h i s  s tudy provides h igh  per fomance  and 
high r e l i a b i l i t y  and s a t i s f i e s  a l l  of t h e  des ign  ob jec t ives .  Technology require- 
ments were i d e n t i f i e d  and r e l a t e  p r imar i ly  t o  component s i z e  and dynamic response, 
f a c t o r s  which gene ra l ly  can be  reso lved  through normal development, The s tudy  
has shown t h a t  a l m  pres su re  APS, which is  simple i n  des ign  and operational a ~ - -  
proach, can f u l f i l l  s h u t t l e  requirements.  
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l . INTRODUCTION 
A u x i l i a r y  p r o ~ u l s i w n  w i l l .  b e  r e q u i r e d  f o r  space  s h u t t l e  a t t i t u d e  and t rans-  
l a t i a n a Z  c o n t r o l ,  Opera t ing  an the  s a n e  t y p e s  of p r o p e l l a n t  ( i . e , ,  oxygen and 
hydrogen) as ?-,he s h u t t l e  main p r o p ~ l s i o n ,  t h e s e  subsystems w i l l  have a  r-orkni~--~nl 
s e r v i c e  l i f e  of 100 m i s s i o n  c y c l s s  w i t h o u t  major  overhau l  o r  r e f u r b i s h m e n t -  Two 
b a s i c  d e s i g n  approaches  have been conceived f o r  t h e  a u x i l i a r y  p r o p u l s i o n  subsys- 
tem (APS): a h i g h  p r e s s u r e  concep t ,  u s i n g  turbopumps o r  turbocompressors  tc 
a c h i e v e  h i g h  o p e r a t i n g  p r e s s u r e  Bsve l s ,  and a low p r e s s u r e  concep t ,  using ri-e 
main eng ine  p rope l la .n t  t a n k s  as a n  i n t e g r a l  p a r t  of t h e  subsystem and operzcing 
a t  main e n g i n e  t a n k  u l l a g e  p r e s s u r e s .  T h i s  r e p o r t  d e a l s  o n l y  w i t h  How pressare 
APS concep ts .  It d e s c r i b e s  t h e  scope  and r e s u l t s  of t h e  second phase  o f  a seven 
month McDonnell Douglas A s t r o n a u t i c s  Company-East (MDAC-East) s t u d y  effart cnder  
MSC C o n t r a c t  No. NAS 9-11012, t i t l e d  "Space S h u t t l e  Low P r e s s u r e  A u x i l i a r y  Pro-  
p u l s i o n  Subsystem D e f i n i t i o n P ' .  The s t u d y  was performed f o r  t h e  N a t i o n a l  Aero- 
n a u t i c s  and Space A d m i n i s t r a t i o n ,  Manned S p a c e c r a f t  Center  (MSG), Houston,  Texas, 
under  t h e  t e c h n i c a l  d i r e c t i o n  of M r .  N. Chaffee .  A s u b c o n t r a c t  was extendec t o  
A e r s j e t  L i q u i d  Rocket Company t o  p r o v i d e  component d e s i g n s .  The s t u d y  o b j e c t k v e  
was "'to conduct p r e l i m i n a r y  a u x i l i a r y  p r o p u l s i o n  subsystem s t u d i e s ,  which (would) 
g e n e r a t e  i n f o r m a t i o n  and d a t a ,  f o r  u s e  i n  t h e  o v e r a l l  s h u t t l e  v e h i c l e  e f f o r ~ " ~  
and which would, " i d e n t i f y  a t t r a c t i v e  BPS c o n c e p t s ,  d e f i n e  t h e i r  r ange  0% a?pPi- 
c a b i l i t y  and l i m i t a t i o n s  and i d e n t i f y  c r i t i c a l  technology areas and deve lopnen t  
p r i o r i t i e s v q .  
The h i g h  p r e s s u r e  APS s t u d y  was conducted by ??lDAC-East under MSFC Cont rac t  
No. NAS 8-26248. T e c h n i c a l  d i r e c t i o n  f o r  t h i s  e f f o r t  was provided by tl-e *\kSA 
Marsha l l  Space F l i g h t  Cen te r  (MSFC) a t  H u n t s v i l l e ,  Alabama. 
The low p r e s s u r e  APS s t u d y  program was d i v i d e d  i n t o  two phases .  The kirst, 
Subtask A ,  was a  c o n c e p t u a l  subsystem d e f i n i t i o n  phase  t o  i d e n t i f y  APS coricepts 
b e s t  s u i t e d  t o  each of two b a s e l i n e  s h u t t l e  b o o s t e r  and o r b i t e r  v e h i c l e s ,  'he 
Subtask  A r e s u l t s  a r e  summarized i n  Repor t  MDC EO303. The second phase ,  Sc i task  B -  
( d e s c r i b e d  i n  t h i s  r e p o r t )  was a p r e l i m i n a r y  d e s i g n  of t h e  s e l e c t e d  subsystems to 
e s t a b l i s h  g r e a t e r  unders tand ing  of subsystem d e s i g n  and o p e r a t i o n .  A summary of 
t h e  o v e r a l l  s t u d y  e f f o r t  i s  provided i n  Repor t  ??lDC E0293 and a d e s i g n  handbook 
c o n t a i n i n g  d e t a i l e d  d e s c r i p t i o n s  of t h e  s e l e c t e d  b o o s t e r  and o r b i t e r  APS con- 
c e p t s  i s  provided i n  Report  MDC E030l. 
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The s e l e c t e d  o r b i t e r  APS concept r e q u i r e s  s e p a r a t e  l i q u i d  p rope l l an t  s t o r a g e  
tanks t o  supplement main engine tank r e s i d u a l s .  P rope l l an t  from t h e  s t o r a g e  tanks 
is circzi:,atecrl through tubu la r ,  pas s ive  hea t  exchangers where i t  i s  superheated and 
injected into t h e  main engine tanks. During major APS burns,  w a r m  p rope l l an t  
vapors from the main engine tanks a r e  mixed wi th  a d d i t i o n a l  l i q u i d  p rope l l an t s  i n  
a downstream l i qu id lvapor  mixer and suppl ied  t o  t h e  engines a t  cons tan t  tempesa- 
t u r e  and p re s su re  (cons tan t  dens i ty ) .  During low usage, p rope l l an t  vapors  a r e  
extracted from t h e  main engine tanks and suppl ied  d i r e c t l y  t o  t h e  engines.  
The s e l e c t e d  boos ter  APS c o n s i s t s  of p rope l l an t  d i s t r i b u t i o n  and engine 
assemblies, These o p e r a t e  e n t i r e l y  from main engine tank r e s i d u a l  p r o p e l l a n t s ,  
r equ i r ing  no a d d i t i o n a l  p rope l l an t  tankage, condi t ion ing  equipment, o r  mixing 
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The APS study w a s  d iv ided  i n t o  two l e v e l s  of design d e t a i l ,  The f i r s t ,  Sub- 
t a s k  A, was broad i n  scope, and considered many concepts.  During that  phase, 
a t t r a c t i v e  concepts were synthes ized ,  t h e l r  range of a p p l i c a b i l i t y  deEiped, cn5 
c r i t i c a l  technology a r e a s  i d e n t i f i e d .  A d e s c r i p t i o n  of t h e  Subtask A sz~ t i l y  a d  
t h e  r e s u l t i n g  APS concept s e l e c t i o n s  a r e  presented  i n  a s epa ra t e  r e p o r i  <P!ERC-E;ct 
Report No. MDC E0303). 
The second phase, Subtask B, i s  descr ibed  i n  t h i s  r e p o r t .  This phzise in-vo-vea 
pre l iminary  des ign  of t h e  s e l e c t e d  APS concepts.  Study requirements were updatec" 
t o  r e f l e c t  r e v i s i o n s  i n  s h u t t l e  requirements;  APS t h r u s t  l e v e l s  and engine arracge- 
ments were def ined ,  and a b a s e l i n e  subsystem des ign  was e s t ab l i shed ,  Detailed ~112- 
system performance and component des ign  s t u d i e s  were then i n i t i a t e d ,  Ccn~poaect  
des ign ,  performance, and t r a n s i e n t  c h a r a c t e r i s t i c s  were evaluated i n  det-ail  and 
t h e s e  c h a r a c t e r i s t i c s ,  along wi th  component technology requirements ,  were uszc s o  
update  t h e  base l ine .  A s tudy flow diagram of t h e  Subtask B s tudy  effort i s  s h c ~ ~ ~ :  
i n  F igure  2-1. Deta i led  s tudy e f f o r t s  included i n  t he  t a sks  o f  Filgeare 2-1 and 
requi red  under Contract  NAS 9-11012 a r e  l i s t e d  i n  F igure  2-2. 
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C e E ~ n i t i o n  of i n s t r u m e n t a t i o n  and c o n t r o l s  (amount, type ,  d u t y  
cycies, response,  o p e r a t i n g  r a n g e s ) .  
DeE?r \ i t ion  of subsystem, assembly and component o p e r a t i n g  and 
nonoperatlng environment f o r  t h e  v a r i o u s  m i s s i o n  phases .  
De te rmina t ion  of p r e l i m i n a r y  subsystem, assembly and component 
we igh t s  and volumes, 
Def~nition of component l i f e  requ i rements .  
D e t ~ r ~ r l i n a t i o n  of p r o p e l l a n t  c o n d i t i o n i n g  requ i rements .  
D e t e r n i n a c i o n  of the rmal  c o n t r o l  r equ i rements .  
ide:Lj f i c a t i o n  of new technology r e q u i r e d .  
IS,etem,ir,ation of subsys  tem r e l i a b i l i t y .  
9e te1-n~ina t ion  of a p r e l i m i n a r y  f a i l u r e  mode and e f f e c t s  a n a l y s i s .  
D e t e m i n a t i o n  of i n h e r e n t  d e s i g n  and performance l i m i t s .  
Def - -n i t ion  of APS/vehic le  i n t e r f a c e s .  
De f lna t fon  of m a i n t a i n a b i l i t y  requ i rements .  
- 'l P r o c e i i a n t  S t o r a g e  
-4- 
a ,  Determinatioi?. of means of s t o r i n g  APS p r o p e l l a n t s .  
b ,  D n f i n i t i o n  o f  methods of p r o p e l l a n t  p o s i t i o n i n g  ( i f  n e c e s s a r y ) .  
c, Determina t jon  of t h e  method of l o a d i n g  p r o p e l l a n t s ,  e . g . ,  
e x t e r n a l  ( f r o &  ground) o r  i n t e r n a l  (from main t a n k s )  i n c l u d i n g  
use  of consumables from t h e  payload compartment ( o r b i t e r  o n l y ) .  
d, Ceterrninat ion of t h e  method of p r o p e l l a n t  e g r e s s  from APS s t o r a g e .  
e '1eternindtic;n of method of p r e s s u r i z i n g  p r o p e l l a n t s .  
4 --- ?rrc;sLLi-int - Condi t ion ing  
1, ' l e f i ra i t  i o n  of power requ i rements .  
3 ,  i i ~ t e r m i n a t i o n  of r e q u i r e d  o p e r a t i n g  d u t y  c y c l e .  
c, i d i n i t i o n  of method of w a s t e  g a s  d i s p o s a l (  i f  a p p l i c a b l e ) .  
? .  ~ I c f l n i t i o n  of s t a b l e  o p e r a t i n g  regimes.  
5 ,  --Ah- 2roLjeLlant D i s t r i b u t i o n  
3, 3 e t e r m i n a t  iLin of the rmal  c o n t r o l  r equ i rements .  
b ,  D c f f - n i t i a n  of  s t a b i l i t y  and dynamics c h a r a c t e r i s t i c s .  
16- 1 1  r ~ s t e r  
----- 
P , b o t e r r n i ~ l  ,ti o n  of r e q u i r e d  du ty  c y c l e .  
i ) . . r < ~ r m   in,^ : L~jn s f  p r o p e l l a n t  i n l e t  c o n d i t i o n s .  
, , i l e t c rmina t ion  of envelope c o n s t r a i n t s .  
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3,  VEHICLE AND SURSYSTEN R E Q U I R W N T S  iaND CONSTMINTS 
Subtask B a t t i t u d e  c o n t r o l  and ~ ~ a n e u v e r i n g  c a p a b i l i t y  requirements f o r  be tb  
boos ter  and o r b i t e r  elements o f  t h e  Bow c ros s  range space s h u t t l e  were d e f i ~ e d  in 
t h e  rev ised  "Space S h u t t l e  Vehicle  Descr ip t ion  and Requirements Document (SSVDRD)' 
dated l October 1970. This  document i s  summarized i n  Appendix F h e r e i n ,  TIIe 
r ev i sed  (SSVDRD) v e h i c l e  a c c e l e r a t i o n  requirements a r e  tabula ted  i n  F i g u r e  3-1 
f o r  convenience. SSVDRD f a i l u r e  c r i t e r i a  requi red  t h a t  nominal acce l e ra f io -  PrveEs 
b e  achieved with one engine o u t ,  and minimum ( sa fe )  a c c e l e r a t i o n  l e v e l s  wit%, t w o  
engines out .  
ROLL, DEGBEC~ 
(ORBITER) TRANSLATION, FT/SEC~ (+ X) 
(OTHER) 
PITCH, DEG~SEG~ 
YAW, D E G ~ E C ~  
ROLL, DEGBEC~ 
REENTRY BANK ANGLE (Y-R), DEG/SEC~ - - 
FAILURE CRITERIA 
*ALL ENGINES OPERATING 
VEHICLE ACCELERATION REQUIREMEMTS FIGIJRE 3-11 
Subtask B requirements were similar t o  those  of Subtask A ,  but d i f f e r e d  i n  
s e v e r a l  s i g n i f i c a n t  a reas .  The NASA determined t h a t  t h e  Subtask B prelimi~ary 
des ign  e f f o r t  should be d i r e c t e d  only toward t h e  low c r o s s  range o r b i t e r  a n d  
boos te r  veh ic l e s .  In  a d d i t i o n ,  t h e  Subtask A approach of def in ing  Eow pressure 
APS performance f o r  a number of d i s c r e t e  v e l o c i t y  increments was r ev i sed  ic favor 
of determining t h e  most favorable  d i s t r i b u t i o n  of i-X a x i s  maneuvers befween APS 
and OMS. Engine f a i l u r e  c r i t e r i a  and mission c h a r a c t e r i s t i c s  were a l s o  updated, 
us ing  cu r ren t  space s h u t t l e  s tudy r e s u l t s .  Engine l o c a t i o n s  were modified so t h a t  
nominal requirements  were met wi th  one engine o u t ,  i n  a d d i t i o n  t o  meeting safe  
requirements wi th  2 engines out .  A requirement f o r  a coordinated yaw--roll bank 
ang le  on t h e  o r b i t e r  was a l s o  e s t ab l i soed .  Orb i t e r  missions were defined as a 
s h o r t ,  t h i r d  o r b i t  space s t a t i o n  rendezvous and a longer ,  seventeenth o r b i t b s p a c e  
s t a t i o n  rendezvous. 
A comparison of t h e  most significant changes i n  both  o r b i t e r  and booster 3"" 1 
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vehfcEe c h s r a c t e r i s t i c s  i s  shown i n  P igu re  3-2. Main tank opera t ing  p re s su res  
were re;"gced and vapor temperatures  were increased ,  r e s u l t i n g  in less a v a i l a b l e  
p r o p e l l s n t  vapor r e s i d u a l s ,  En add i t i on ,  boos te r  impulse requirements were n e a r l y  
doa~bled, a d  hydrogen l i q u i d  residuaPs were s i g n i f i c a n t l y  increased.  These changes 
a f f e c ~ e c  subsystem s i z i n g  and performance, i n  t e r n s  of reduced a v a i l a b l e  p re s su re  
judge t  r-d increased  tank p re s su re  c o l l a p s e  s e n s i t i v i t y .  
SUBTASK W SUBTASK B SUBTASK A SUBTASK B 
VEVICLE BURNOUT WEIGHT - LB 
RIAIN TANK PRESSURE 
f i ~  BURNOUT - LBF/IN~A 
H 2 
32 
Wl4,?4 TAWd VAPOR TEMP 
AT BUR~OUT - OR 
H2 
0 2  
WESIOUAL LIQUID - LB 
W2 
02 
fi!IlSSlON TlW'nE 
TG bAL IMPULSE - LB-SEC 
1,816 5,509 
12,241 11,278 
6 M1N 6 MIN 
0.487 (10') 0.864 (lo6) 
COMPARISON OF SUBTASK A AMD B DESlGN DATA 
FIGURE 3-2 
Scc6;es were conducted t o  de f ine  APS requirements i n  terms of t h r u s t  l e v e l ,  
t o c a l  . l t l~,=alse>-?,  and number of engines requi red .  Resu l t s  of t h e s e  s t u d i e s  a r e  d i s -  
cussed bzlous,, S e n s i t i v i t y  t o  requirements and design c r i t e r i a ,  such a s  bank ang le  
a t d  engtna f a i l u r e  c r i t e r i a ,  a r e  d iscussed  i n  Sec t ion  7. 
3 , l  Booster - A l l  low c ros s  range boos ter  mission requirements were met w i t h  
an ecgtne arrangement us ing  2500 l b  t h r u s t  engines.  The arrangement c o n s i s t s  of 
eight ysw engines and twelve p i t c h - r o l l  engines,  shown schemat ica l ly  i n  F igure  3-3. 
T h i s  a r rangment  d i f f e r s  from t h e  engine l o c a t i o n s  s p e c i f i e d  i n  t h e  SSVDRD, and 
was selected because i t  was more adaptable  t o  a low p res su re  APS and s i g n i f i c a n t l y  
reduced subsystem weight.  F igure  3-4 shows a  comparison of boos t e r  subsystem 
design pofnts f o r  bo th  t h e  r ev i sed  arrangement and f o r  t h e  arrangement s p e c i f i e d  
8 w C - D a W k V E h L  DOUGLAS ASBROWAklTBCS COMPANY I EAST 
LOW PRESSURE APS 
SUBTASK B 
t Z  BOOSTER ENGINE ARRANGEMENT FIGURE 3-3 
CONCEPT SSVDRD ENGINE LOCATION REVISED ENGINE LOCATCONS 
--- 
c 
PAAX LINE DIAMETER, IN 
M2 
02 
SUBSYSTEM WEIGH'TS, L B  
PROPELLANT 
ISOLATION VALVES, REG 
LINES 
ENGINES 
(TOTAL) 
I 
NO APS WEIGHT PENALTY 
(OPERATES ON BOOST RESIDUALS) 
1392 1151 
1561 608 
3072 2404 
WEIGHT COMPARISON OF ALTERNATE BOOSTER ENGINE LOCATBONS 
FIGURE 3-11 
2-3 
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rn t r e  SSVBID. Figure  3-4 a l s o  provides a  comparison of subsystem weights  showing 
that t he  revlsed l o c a t i o n s  have an  1 8 6 0  l b  weight advantage. Engine l o c a t i o n s ,  
their func t ion ,  and i n s t a l l a t i o n  3a t a  a r e  t abu la t ed  i n  F igure  3-5 f o r  each engine 
group shown Ln Figure 3-3. A comparison of a t t i t u d e  c o n t r o l  a c c e l e r a t i o n  requi re -  
ments and subsystem performance c a p a b i l i t i e s  i s  made i n  F igure  3-6. A s  t h i s  f i g u r e  
shows, s e i e c ~ e d  boos ter  APS performance c a p a b i l i t i e s  exceed a l l  a t t i t u d e  c o n t r o l  
requLreneats iacLuding a l l  f a i l u r e  mode condi t ions .  The boos ter  impulse requi re -  
LOCATIGN MANEUVER 
1 
2 a MAW 
3 - PITCH, + ROLL 
4 - PITCH, - ROLL 
5 +PITCH,+ ROLL 
6 + PITCH, - ROLL 
SEE APPENDIX F FOR COORDINATE SYSTEM. A L L  DIMENSIONS ARE IN INCHES. 
BOOSTER ENGINE LOCATIONS 
hwenty  2500 Lb Thrust Engines 
1 REQUIRED I MIN AVAILABLE 
1 + PITCH A L L  ENGlNES OPERATlNG - 0.744 
ONE ENGINE OUT 0.50 0.620 
TWO ENGINES OUT 0.30 0.495 
1 -- PITCH A L L  ENGINES OPERATlNG - 1.120 3 ONE ENGINE OUT 0.50 0.935 
I TWO ENGINES OUT 0.30 0.747 
+YAW A L L  ENGINES OPERATING - 1 - 1.321 ONE ENGINE OUT 1 .OO 1.00" 
\ TWO ENGINES OUT 0.30 0.661 
.+- ROLL ALL ENGINES OPERATING - 1 -- 1.285 ONE ENGINE OUT 1.00 1.028 
1 TWO ENGINES OUT 0.30 0.771 
CRITICAL ACCEhERAT1ON 
ATTITUDE CONTROL ACCELERATIONS - BOOSTER 
T w e ~ t y  2500 Lb Thrust Engines FIGURE 3-6 
.OW PRESSURE APS 
UBTASK B 
REPORT MDC E0302 
29 JANUARY 1971 
ment using t h i s  r ev i sed  engine arrangement and t h e  SSVDRD requirements is  864,000 
lb-sec.  This  total .  impulse l e v e l  can b e  s a t i s f i e d  by r e s i d u a l  l i q u i d  and vapor 
p r o p e l l a n t s  i n  t h e  main engine tanks (as  discussed l a t e r  i n  Sec t ion  4 )  if re- 
s i d u a l  hydrogen vapor temperature i s  reduced from t h e  SSVDRD va lue  of 4563 R t o  
260 R. A method s f  achieving t h i s  r educ t ion  wi th  a  main engine feed  line heat 
exchanger i s  d iscussed  i n  Paragraph 4.1. 
3 - 2  Orb i t e r  - O r b i t e r  APS mission requirements were met wi th  a n  engine 
arrangement u t i l i z i n g  t h i r t y - t h r e e  1080 l b  t h r u s t  engines.  The b a s i c  arrangement 
i s  i l l u s t r a t e d  i n  F igure  3-7, This  arrangement a l s o  d i f f e r s  from t h e  engine loca- 
t i o n s  descr ibed  i n  t h e  SSVDRD which were nonoptimum f o r  a low p res su re  APS, Sev- 
e r a l  a l t e r n a t e s  were considered f o r  t h e  o r b i t e r .  An arrangement which minimized 
number of engines,  t h r u s t  l e v e l ,  and a s soc i a t ed  supply l i n e  l eng th  proved t o  be 
most advantageous. This  con f igu ra t ion ,  which i s  completely fu se l age  mounted, 
r e s u l t e d  i n  yaw and r o l l  axes impulse p e n a l t i e s  during en t ry .  However, the  hard- 
ware weight decreases  which were achieved by e l imina t ing  wing-tip engines,  f a r  out- 
weighed these  p e n a l t i e s .  F igu re  3-8 summarizes incremental  weight charrges asssci- 
a t e d  wi th  t h e  r ev i sed  o r b i t e r  engine l o c a t i o n s  (compared t o  t h e  configuratia-n 
def ined  i n  ~ e f e r e n c e  a ) .  A s  shown, s e l e c t e d  engine l o c a t i o n s  r e s u l t e d  in an 
861 l b  weight saving. 
ORBITER ENGINE ARRANGEMENT 
'CD0NNEl l  DOUGLAS ASTRONAUTICS COMPANV - EAST 
RElCJWT MDC E0302 
29 JANUARY 7971 
INCLUDES 503 LB WEIGHT PENALTY FOR WING TIP PODS. 
' SELETTE? 
ORBITER ENGINE LOCATION COMPARISON 
FIGURE 3-8 
v* * 
r i . g ~ r e  3-9 summarizes number.of engines,  t h e i r  func t ion ,  and i n s t a l l a t i o n  
dzka,  I; x engines were r equ i r ed  f o r  +X t r a n s l a t i o n .  Eight  yaw engines a r e  
e ~ p l o y c ~ ?  f ~ r  on-orbit yaw and l a t e r a l  maneuver requirements;  they  a l s o  provide 
primary yaw authority during r een t ry .  These a r e  backed up by canted p i t c h - r o l l  
rnglnes, 'The pitch-roll engines would b e  a c t i v a t e d  i f  t h e  d i f f e r e n t i a l  between 
ae?usP axd conmanded yaw r a t e s  exceeded predetermined va lues .  
Sefeczed engine arrangement c a p a b i l i t y  i s  compared wi th  SSVDRD requirements  
i n  P l g u r ~ s  3-10 and 3-11. Inspec t ion  of t h e  f i g u r e s  shows t h a t  a l l  a t t i t u d e  con- 
r roh  accelerations and t r a n s l a t i o n a l  a c c e l e r a t i o n s  were achieved. Nominal accel-  
a r a t r o a  Ze-~els a r e  provided wi th  one engine o u t ,  and minimal ( s a fe )  a c c e l e r a t i o n  
Levels w i t 5  two engines o u t ,  a s  requi red .  Avai lab le  r e e n t r y  bank ang le  acce lera-  
2 
: i ~ n  i s  1,89 deglsec  , which exceeds t h e  nominal minimum requirement of 1.5. 
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h i 1 5  i CONDITION 
+ X A h k  ENGINES OPERATING 
ONE ENGINE OUT 
TWO ENGINES OUT 
- ALL ENGINES OPERATING 
ONE ENGINE OUT 
TWO ENGINES OUT 
+ Y ALL ENGINES OPERATING 
-
ONE ENGINE OUT 
TWO ENGINES OUT 
+ 2 ALL ENGINES OPERATING 
TRANSLATIONAL ACCELERATIONS - ORBITER 
Thirty-Three 1080 kb  Thrust Engines F I G U R E  3-11 
F o r  the engine l o c a t i o n s  descr ibed  above, o r b i t e r  APS t o t a l  impulse requi re -  
ments and i m p l s e  usage h i s t o r y  were def ined  f o r  SSVDRD mission time l i n e s .  Re- 
sults are  shown i n  F igure  3-12 f o r  t h e  two b a s i c  t h i r d  and seventeenth o r b i t  ren- 
dezvous missions, T o t a l  impulse requirements a r e  12.5 and 12.9 M lb-sec,  respec- 
ELAPSED TIME - MINUTES (THOUSANDS) 
ORBITER IMPULSE TIME HISTORY 
(SPWCE STABIONBASE LOGISTICS MlSSION) 
LOW PRESSURE APS 
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4.  BASELINE APS DESIGN 
F i n a l  b a s e l i n e  des igns  r e s u l t i n g  from t h e  Subtask B s tudy a r e  d i scussed  i n  
t h e  fol lowing paragraphs. Designs shown r e f l e c t  requirements and engine arrange- 
ments presented i n  Sec t ion  3 .  Opera t iona l ,  performance, and coinpanent design 
c h a r a c t e r i s t i c s  a r e  presented  i n  Sec t ions  5 and 6 along wi th  d i scuss ion  of a l t e r -  
n a t e s  and s e l e c t i o n  j u s t i f i c a t i o n .  
4.1 Booster APS - The booster  APS c o n s i s t s  of p rope l l an t  d i s t r l . bu t ion ,  and 
engine assemblies ,  a s  shown schemat ica l ly  i n  F igure  4-1. The subsyst.em operates 
e n t i r e l y  from main engine tank vapors  i n  a blowdown mode, over a p re s su re  range of 
2 26 t o  1 7  l b f / i n  a .  Acceptable p rope l l an t  q u a l i t y  i s  ensured by g-sens i t ive  liquid/ 
vapor s epa ra to r s .  The boos ter  APS conforms f u l l y  t o  a l l  SSWRD requirements and 
des ign  c r i t e r i a ,  except f o r  a r educ t ion  i n  hydrogen main engine tank vapor t a p e r a -  
ENGINES - 20 AT 2508 hB TnRUST 
BOOSTER BASELINE AUXILIARY PROPULSION SUBSYSTEM 
FIGURE 4-1 
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ture a t  main engine shutdown. Temperature r educ t ion  can be r e a d i l y  accomplished 
(Figure 4-2) w i t h  pas s ive  h e a t  exchangers,  mounted t o  main engine hydrogen feed 
line, f o r  pressurant  condi t ion ing  during launch. I n  t h i s  manner, s u f f i c i e n t  hydr 
gen r e s i d u a l s  f o r  f u l l  APS usage can be accommodated without  e f f e c t i n g  boos ter  ant 
orbiter main engine commonality, and without  r equ i r ing  sepa ra t e  APS prope l l an t  
storage. 
A summary of b a s e l i n e  des ign  f e a t u r e s  i s  shown i n  F igure  4 - 3 .  The d i s t r i b u -  
M A I N  ENGINE TANK 
PRESSURE REGULATOR 
................. 
. . 
. . 
. , 
, . . '.+. ..... .*" ... .;:*' 
. .  .
7 H2 PRESSURANT HEX F/ 0.75 I N D I A  x NO 'KLONG 
6 ...... 
......... ).".. ........ ...-........... ............... 
........ 
. . 
.: 
' ,  , .
. , ;. f:? j 
, . 
. . , 
, ., ., : 
. , 
.. ,. ,. 
. .  
. , .................... ;'L ,,.. :.: 
"". :: . 
.' . : 
. . 
. :. 
. . ". . . . .  
HYDROGEN """" 
...........-.... 
............ 
TAP 0~~{450') 
2 
MAIN ENGINE /L..-- I. ;,.*- 
PUMP TURBINE ,.~:~ 
,' :: 
'.. 
. :: .... ---.... 
. . . .  
i' i: , ( c  .-..----..- '. ./ . 
, ..............-- i :a: ;, 
, 4 
::. 
,-- 4: ,..-- .;
....... .  
, $-.-.-a - .. - - ..-.: . .... .. 2 , g ;  :: :: :-. ;' 
-- $--. .-.- .< :. - - : -.. : :... .:, . 
\. !< ;,',; : 
7, , . , : ; e : .  
-.--., .-,. . : : ;: :. . , , * A  :... 8 <-., i':;...'.~:".' -'.. ............ ,'. .-.-. ;.:' .' ; ,. .,. . 
~ ~ 8 -  ,;.'-!$ ..,:. -7-..- .- - .. \. 3 .  ... ,; : : ;:; : . , 
, . :;:: !<;:; i.. : I: .-.- A;.;.,? , . 
, , 
:. ' ; : - .. 
.. 
...... *;. -; G.: z-z ;4:. , , ............................ ............ c- - ..........................: :... .;;.i. 
............ .. ............................................ .... : i:: "G - -.., ..I. - ................ --- ......................................... 
........................ . ...... : ;:I -..-.. 
: <!I /.,..{;2> : i : : : j  ,,: 1.7 
... ......... ......... .................... i i i j  ;. 
, . 
-.- ..l.i :: J.:.. .....'? 
................................................... ...... .> ! i;! -: , .  , .  ............. 
. 11, : 
, , ,  
: :  : I  
; I; ; ; : :' 
i j j j  ,,)/ /-., ji J-; ..A>-,-........... .-:.+; ..... 1.: .... :;.!lj : ..... j[. :.................. 
. . 
. ; ;:; ;{.*:>.=:; ..d ,; c:. :. -5:: 
........... 
: . :. $".:'-*: ,:,. - ........ ..r...?. ................. .. ...... -4.: 
........ 1 :  "-. :; : )  . - '  - : I:.,.:?::: ;:::.. 
1 :;T.:.,z= *-- -.. ..... . . , ; I  -:, : .: :' : ;: ............ , .i7 .-.. ; , ,  . .:, > 
1 ; .. ---;<-- :.,. ,, 3 s  . I, . : : ,:- ' ........ 
, ,  . ; ? ...- .......... ....... , .............;. i i  .. ; c . ............ , 
2 :  .) \ ............. 
- 
L: j : : "  :. ....... 
'.- : ,! : I :  ,I ': : I  , 
; '....... .:: -...' 
1 .  I * \  
.. 
'+. 
-' 
--, (> 
:'. ............ ' 
............. 
- -- - F l G U R  ......-. .- . .. 
4-2 
MC0dLSBNNEk.L DOUGLAS ASTRONAUTICS COMPANY - EAST 
LOW PRESSURE APS 
SUBTASK B 
REF900RB MDC E0302 
29 JANUARY 1971 
MAIN TANK 
lNlTlAk VAPOR TEMPERATUFF, OR 
~ N ~ T ~ W L  PRESSURE, LBF/IR~A 
wrlnianuM PRESSURE, LBF/:/IN~A 
ENGINE AND DESTRBBeBBlOR SYSTEM 
DESIGN ENGINE INLET PRESSURE, LBF~~N*A 
DESIGN ENGINE INLET TEMPERATURE, OR 
ENGINE THRUST, 68 
MIXTURE RATIO 
CHAMBER PRESSURE, LBFAN~A 
EXPANSION RATlO 
BOOSTER BASELINE DESIGN SUMMARY 
FUGUJRE 4-3 
t i o n  and engine subsystem were s i z e d  t o  provide 2500 I b  t h r u s t  a t  t h e  end of blow- 
down, where i n l e t  p re s su re s  and temperatures  a r e  a t  t h e i r  lowest v a l u e s ,  A mixture 
r a t i o  of 2.0 and a n  expansion r a t i o  of 2:1 were used f o r  minimum subsystem w e i g h t ,  
Twenty engines,  arranged a s  shown i n  Appendix E ,  F igure  E-7, provide required con- 
t r o l  a c c e l e r a t i o n s .  Subsystem i n s t a l l a t i o n  t akes  advantage of main engine p r e s -  
su ran t  l i n e s  which extend nea r ly  t h e  f u l l  l eng th  of t h e  v e h i c l e ;  t hus ,  required 
APS manifolding i s  minimal. A l l  engines have been i n s t a l l e d  t o  be  acc.essible  from 
t h e  e x t e r i o r  of t h e  veh ic l e .  
4.2 O r b i t e r  APS - The o r b i t e r  APS c o n s i s t s  of p rope l l an t  s to rage ,  condition- 
i ng ,  c o n t r o l ,  d i s t r i b u t i o n ,  and engine assemblies ,  shown schemat ica l ly  i n  Figure 
4-4. The subsystem uses  a u x i l i a r y  l i q u i d  p rope l l an t  s to rage ;  pas s ive ,  tank-mounted, 
neat  exchangers f o r  main tank  resupply  condi t ion ing;  and l iqu id /vapor  mixers t o  
provide cons tan t  o u t l e t  d e n s i t y  during major APS opera t ions .  O r b i t e r  tmpulse 
requirements make a  s imple blowdown subsystem (as  used on t h e  boes t e r l  imnpraetical, 
Some means of c o n t r o l l i n g  main engine tank cond i t i ons ,  and an  a u x i l i a r y  pro~ellant 
s t o r a g e  system, i s  requi red .  Use of l i qu id /vapor  mixers f o r  c o n t r o l  provides two 
primary advantages.  F i r s t ,  v a r i a t i o n s  i n  engine i n l e t  condi t ions  (flow rate, tem- 
pe ra tu re ,  mix ture  r a t i o )  a r e  minimized, reducing engine development and design 
problems, and l i m i t i n g  subsystem performance v a r i a t i o n s .  Second, increased  burn 
d u r a t i o n  c a p a b i l i t y  i s  obtained.  Main engine tank  flow requirements are g r e a t l y  
reduced, s i n c e  a  l a r g e  percentage of t c t a l  engine flow i s  suppl ied  a s  P i q u i d  t o  
t h e  l iqu id /vapor  mixer i n l e t .  This  reduces main engine tank p re s su re  decay during 
a  burn, a l lowing increased  burn du ra t ions .  
Inherent  subsystem s i m p l i c i t y  i s  maintained by using pas s ive ,  tank-mounted 
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h e a t  exchangers,  which u t i l i z e  main tank h e a t  capac i ty  t o  vapor ize  and superheaa: 
t h e  resupply p rope l l an t .  During of f  pe r iods ,  main engine tank temperature i s  
r e s t o r e d  by o r b i t a l  hea t ing .  Mission i n t e r a c t i o n s  wi th  subsystem performanee have 
been minimized by decoupling t h e  h e a t  exchangers from t h e  varying thermal environ- 
ment of t h e  v e h i c l e  sk in .  
Feed l i n e  weight i s  minimized by using e x i s t i n g  main engine tank pressusiza- 
t i o n  l i n e s  a s  primary A P S  d i s t r i b u t i o n  l i n e s .  These l i n e s  extend nearly the f u l l  
l eng th  of t h e  o r b i t e r ,  and r e s u l t  i n  s i g n i f i c a n t  APS weight sav ings ,  The renairder 
of t h e  d i s t r i b u t i o n  assembly has been s i z e d  t o  provide minimum subsystem weight by 
balancing l i n e  weight pena l ty  a s  a  func t ion  of f r i c t i o n a l  l o s s e s ,  and engine weight 
pena l ty  a s  a  func t ion  of chamber pressure .  
Basel ine c h a r a c t e r i s t i c s  a r e  summarized i n  Figure 4-5 and s u b s y s t e ~  installat 
t i o n  i s  shown i n  Appendix E ,  F igure  E-8. The APS provides a l l  a t t i t u d e  control 
func t ions  and a l l  small  maneuvers. Large, 4-X a x i s  maneuvers a r e  provided by a 
s e p a r a t e  o r b i t  maneuver subsystem (OMS) loca t ed  i n  t h e  a f t  po r t i on  s f  t h e  v e h i c l e ,  
The OMS provides a  maneuvering c a p a b i l i t y  of 1150 f t / s e c ,  covering three o r  four 
l a r g e  burns.  The APS provides t h e  remainder of t h e  maneuvers, which c o n s i s t  of 
burns l e s s  than 40 f t / s e c .  The r e s u l t i n g  APS impulse requirement i s  3,345 (lo6) 
lb-sec. 
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This  s e c t i o n  desc r ibes  subsystem ope ra t ion  and performance, f l r s t  i n  terms of 
i n d i v i d u a l  conponent c h a r a c t e r i s t i c s ,  t hen  i n  terms of t h e  integrated.  s1:bsyste.m 
ope ra t ing  f n  a  mission duty cyc le .  F i n a l l y ,  t r a n s i e n t  performance e h a r a c t e r i s t l c s  
are defined.  
5 .1  Component Performance C h a r a c t e r i s t i c s  - The most s i g n i f i c a n t  eoanpoaents, 
t h e  engine,  h e a t  exchanger ( o r b i t e r ) ,  and l iqu id /vapor  mixer ( o r b i t e r )  received t h e  
ma jo r i t y  of s tudy  e f f o r t  s i n c e  t h e i r  performance s t r o n g l y  in f luences  total APS per- 
formance and has  a  l a r g e  impact on subsystem weight. The remaining components, 
such a s  t h e  p rope l l an t  tankage a r e  s i g n i f i c a n t  i n  terms of weight o r  technology but  
do not  apprec iab ly  e f f e c t  performance. Design of a l l  components i s  discussed i n  
Sec t ion  6. 
(a )  Engine - The engine i s  a  f i l m  cooled design,  using m u l t i p l e  c~axia.1 
i n j e c t i o n  elements and p i l o t  opera ted ,  coax ia l  p rope l l an t  va lves ,  Booster and 
o r b i t e r  engines employ t h e  same b a s i c  des ign  concept,  bu t  have been sized t o  p ro -  
v i d e  s p e c i f i c  t h r u s t  requirements a t  chamber p re s su res ,  expansion r a t l o s ,  and m i x -  
t u r e  r a t i o s  which r e s u l t  i n  minimum weight f o r  each subsystem. The resulting 
boos ter  engines a r e  designed t o  provide 2500 l b  t h r u s t  a t  a  mixture ratio of 2,6 
and expansion r a t i o  of 2 : l .  O r b i t e r  engines provide 1080 l b  t h r u s t  a t  a mixture 
r a t i o  of 3.0 and a n  expansion r a t i o  of 8 : l .  Basel ine t h r u s t e r  design character- 
i s t i c s  a r e  summarized i n  F igure  5-1. Minimum engine i n l e t  temperatures were estab- 
l i s h e d  a t  t h e  l e v e l  requi red  t o  prevent  oxygen condensation caused by heat t ransfer  
between p rope l l an t s .  Required temperatures a r e  shown i n  F igure  5-2. as a function 
of chamber p re s su re  and mixture r a t i o .  Se lec ted  minimum temperatures weye 150"R 
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(hydrogen) and 2C0°R (oxygen) . Figures  5-3 through 5-6 p re sen t  o r b i t e r  engine 
design performance s e n s i t i v i t y  (MR, PC, F ,  I s p )  t o  i n l e t  temperature and i n l e t  
gsessure vzelations and Figures  5-7 through 5-10 p re sen t  boos ter  performance 
sensitivity, L a r g e  performance v a r i a t i o n s  r e s u l t  from opposing changes i n  hydrogen 
and axygen temperatures and pressures .  However, during a mission duty cyc l e ,  f u e l  
and oxygen inlet condi t ions  tend t o  vary  i n  t h e  same d i r ece ion ,  which g r e a t l y  
rednces their  effect  on engine performance. A s  a n  example, mixture r a t i o  v a r i a t i o n  
fron. nominal des lgn  po in t  i s  approximately 21.0 f o r  an  opposing v a r i a t i o n  i n  i n l e t  
2 p re s su re s  of - +5 I b f / i n  . N o  s i g n i f i c a n t  mixture r a t i o  v a r i a t i o n  occurs  f o r  a l i k e  
2 p re s su re  var ia t ion  of - 4-5 l b f / i n  . 
(b) - Beat Exchangers ( o r b i t e r  only)  - The o r b i t e r  h e a t  exchangers c o n s i s t  of 
tubes rnoun:ed d i r e c t l y  t o  main engine p rope l l an t  tankage. The h e a t  exchanger oper- 
ates essentially a s  a h e a t  s ink ,  absorbing h e a t  from t h e  p rope l l an t  tank  wa l l .  Dur- 
ing off periods, tank temperatures  a r e  r e s t o r e d  by s o l a r  hea t ing  of t h e  v e h i c l e  
s k i n  and r e r a d i a t i o n  t o  t h e  tank. Since tank resupply (hea t  exchanger) flow r a t e  
is  ?;atched -20 tank outflow r a t e ,  t h e  resupply enthalpy i s  d i r e c t l y  p ropor t iona l  t o  
the amount of  heat ex t r ac t ed  from t h e  tank. A s  more h e a t  i s  absorbed from t h e  tank 
wall, resupply prope l l an t  temperature i nc reases  and f i n a l  main tank  vapor tempera- 
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t u r e  and p re s su re  i nc reases .  Therefore,  h e a t  exchanger des ign  e f f e c t i v e n e s s  can b e  
measured by the  r e s u l t i n g  t a p e r a t s i r e  and pres su re  of t h e  vapor in the tanks a f t e r  
resupply opera t ion .  The e f f e c t o f  h e a t  exchanger s i z e  (Length, spacing,  n ~ ~ n r b e r  of 
tubes)  on main tank  vapor p r o p e r t i e s  a r e  shown i n  F igure  5-11. N~mber of ~ltnhes, 
HEAT EXCHANGER TUBE LENGTH - FB 
ORBITER MAIM TANK HEAT EXCHANGER FBGdRE 5-16 
and tube spacing,  r e f l e c t s  use  of t h e  e n t i r e  tank  perimeter .  Thus, the length 
shown i s  t h e  l eng th  of tank  covered by t h e  h e a t  exchanger. The oxygen tarsic I s  
smal le r  and has l e s s  a v a i l a b l e  h e a t  capac i ty ,  thus ,  t he  e f f e c t  of h e a t  exchanger 
c h a r a c t e r i s t i c s  on f i n a l  vapor p r o p e r t i e s  i s  more c r i t i c a l .  Far tha t  reason, the 
oxygen hea t  exchanger covers  t h e  e n t i r e  tank  and a  l a r g e  wmber of c lo se ly  spaced 
tubes  a r e  used (154 tubes a t  4 i n  spac ing) .  Fur ther  decreases  i n  tube spaci-g wsulc? 
s i g n i f i c a n t l y  i n c r e a s e  number of tubes  and h e a t  exchanger weight,  b u t  would srov5.de 
l i t t l e  improvement i n  f i n a l  tank p re s su re  o r  temperature.  For t h e  hydrogea nezz't 
exchanger, main engine tanks a r e  l a r g e r  and resupply flow s a t e s  are l e s s ,  t ha re fo re  
h e a t  exchanger des ign  c h a r a c t e r i s t i c s  a r e  l e s s  c r i t i c a l ,  Heat exchanger ; ? a ~ ~ e l  
dimensions have been s e l e c t e d  t o  g i v e  approximately the  same f i n a l  p r e s s u r e  as the 
. . 
oxygen tank. A h e a t  exchanger des ign  l eng th  of 60 f e e t  was s e l e c t e d ,  w ~ t h  61 t11kes 
spaced 18 i nches  a p a r t .  
In  o rde r  t o  reduce p re s su re  drop encountered wi th  long tubes ,  h e a t  exchangers 
have been d iv ided  i n t o  p a r a l l e l  pane ls  (two oxygen and f o u r  hydrogen), Although 
thermal performance i s  degraded s i n c e  t h e  h e a t  exchangers a r e  s h o r t e r ,  rhe result- 
ing  subsystem pe r fomance  (shown i n  F igure  5-12) is  good, Data shorn  are  for the 
most c r i t i c a l  miss ion  phase, t h e  per iod  j u s t  p r i o r  t o  docking. During a l l  3:her 
mission - phases,  resupply  f l u i d  and tank w a l l  temperatures  a r e  s lg rn iQica~~ tLy  higher 
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than t r e  lowest  v a l u e s  shown, 
( 1  Xqu-idlVapor Mixers ( O r b i t e r  o n l y )  - The l iqu id -vapor  mixer  c o n s i s t s  of 
i n j e c t c r  2nd mixing chamber, l i q u i d  f low c o n t r o l l e r ,  and downstream r e g u l a t o r .  
During major APS o p e r a t i o n s ,  t h e  mixer p r o v i d e s  cond i t ioned  vapors  a t  a p r e s c r i b e d  
t e m p e r a t u r e  o f  1 5 0 " ~  (H2) and 200°R ((I2) and an  "Iris" v a l v e  c o n t r o l s  downstream 
2  pressure t o  19 l b f / i n  a .  ~ i q u i d j v a p o r  mixer  o p e r a t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  5-13 
for a ~ y p i c a l  e n t r y  m i s s i o n  phase.  During o p e r a t i o n ,  main e n g i n e  t a n k  p r e s s u r e  
decays  f r o m  24 t o  19 l b f / i n L a  and vapor  t empera tu re  decays  from 500°R t o  410°R. 
Associste2 w i t h  t a n k  vapor  t empera tu re  decay,  t h e  q u a n t i t y  of l i q u i d  t h a t  can b e  
c o n d i t i o n e d  t o  a  p r e s c r i b e d  o u t l e t  t empera tu re  is  reduced,  and l i q u i d  f l o w r a t e  must 
be  t h r c z t l e d ,  
Cavi~atfng v e n t u r i s  a r e  used t o  decouple  l i q u i d  p r o p e l l a n t  f e e d  from down- 
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stream (mixer) pressure  v a r i a t i o n s .  P i lo t - inpu t  commands from t h e  f l i g h t  computer 
signal the cunber of engines f i r i n g .  This information e s ~ a b l i s h e s  a  feedback con- 
trol bias for valve pos i t i on ing .  The c o n t r o l l e r  senses  downstream p res su re  and 
2 
nds an l r i s  r e g u l a t o r  s e t t i n g ,  r e s u l t i n g  i n  19 l b f / i n  a  o u t l e t  p ressure .  
Ziqsald vapor mixer assembly is  used i n  a dual-mode of ope ra t ion ,  i n  which t h e  
mixer is utilized only during major maneuvers. During low APS usage, t h e  i r is  
regulator rmains f i x e d  a t  i t s  l a s t  p o s i t i o n  and no l i q u i d  flow i s  provided t o  t h e  
mixer, Y~ssead, rnain tank vapors  provide a l l  APS p rope l l an t .  I n  t h i s  way, re -  
quired compsne3t opera t ing  ranges have been minimized. 
5 - 2  - Mission - Duty Cycle - Component performance c h a r a c t e r i s t i c s  c i t e d  above, 
and Lntera~t~ons between components, have been evaluated f o r  both boos ter  and 
orbiter, Resultlrlg subsystem performance i s  presented below. 
5 2  -- Booster Mission Duty Cycle - The boos ter  APS u t i l i z e s  a  simple blowdown 
concept w i c h s u t  a u x i l i a r y  l i q u i d  p rope l l an t  s to rage ,  resupply ,  o r  mixing. APS per- 
fsmance de-oends tsn i n i t i a l  p rope l l an t  vapor condi t ions  ( those  e x i s t i n g  a t  end of 
maic engine shu tdowr~) .  F igure  5-14 shows t h e  e f f e c t  of i n i t i a l  tank vapor tempera- 
t u r e  on final tank pressure .  For a  mixture r a t i o  of 2.0 and SSVDRD s p e c i f i e d  tem- 
2 peracures, Einai  hydrogen p re s su re  w i l l  be  approximately 1 3  l b f / i n  a and f i n a l  
2 
oxygen presszre w t l S  be 16 l b f / i n  a .  With a  mixture r a t i o  of 3.5 t h e  same f i n a l  
2 pressure (15,2 Ibf/in a)  would be obtained f o r  each p rope l l an t .  I f  lower i n i t i a l  
vapcr ternperat~rcs a r e  provided, t h e  amount of vapor a t  end of boost and f i n a l  tank  
p re s su re  w i l l  oe increased  accordingly.  The e f f e c t  of f i n a l  tank  p re s su re  on sub- 
system weTg5t is s b o m  i n  F igure  5-15. These weights  inc lude  t h e  added vapor 
residuals attributable t o  reduced vapor temperatures .  The SSVDRD condi t ions  
res~l2.t i n  uaznecessarily h igh  weight p e n a l t i e s  f o r  t h e  APS and, s i n c e  p re s su ran t  
gas Lem7erat.xes could be r e l a t i v e l y  e a s i l y  reduced by incorpora t ing  a  h e a t  
sxchgnger (Sect ion 4 1 ,  lower i n i t i a l  vapor temperatures  were s e l e c t e d  a s  they  were 
much more czj-rpatzble f o r  design wi th  t h e  low p res su re  APS. 
2 
A design pres su re  l e v e l  of 17 l b s / i n  a  was s e l e c t e d  t o  provide a  p o s i t i v e  
pressure i n  t he  naira "inks when i n  t h e  atmospheric environments. Design vapor tern- 
peraures f o r  this pres su re  a r e  260°R (W ) and 520°R (02) .  An a d d i t i o n a l  consider-  2 
a t i o n  in pressxre l e v e l  s e l e c t i o n  was engine i g n i t i o n  l i m i t a t i o n s .  A minimum pres-  
2 
sure cf 2 to 3 b b f / i n  a i s  r equ i r ed  i n  t h e  chamber f o r  r e l i a b l e  i g n i t i o n ,  With 
2 17 l b f / i n  a tank p re s su re ,  p r o p e l l a n t  cold flow r e s u l t s  i n  a  chamber p re s su re  of 
2 
approximately 5 lbf/in a ,  w e l l  above i g n i t i o n  l i m i t s .  
Resultant boos ter  tank p re s su re  and temperature p r o f i l e s  during t h e  mission 
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are sho-m ip Figure  5-16. A s  shown, p re s su re s  and temperature v a r i a t i o n s  r e s u l t  
i n  0317 elncr performance v a r i a t i o n s .  Engine mixture r a t i o  v a r i e s  from 2.0 t o  2.2,  
and t h - r ~ s t  cecays from 3800 t o  2500 l b .  
5,2,2 - O r b i t e r  Mission Duty Cycle - The o r b i t e r  subsystem ope ra t e s  i n  a  blow- 
down mods (~,e., a l l  p rope l l an t  i s  ex t r ac t ed  from main engine tanks and t h e r e  is no 
downstream I.i.quid i n j e c t i o n )  dur ing  pe r iods  when demand i s  low. When a  major APS 
operation, such a s  a  midcourse c o r r e c t i o n ,  i s  r equ i r ed ,  on ly  p a r t  of t h e  p rope l l an t  
i s  extracted from t h e  main engine tank;  t h e  remainder i s  suppl ied  a s  l i q u i d  t o  t h e  
mixing assembly, s i g n i f i c a n t l y  reducing main engine tank p re s su re  decay. Propel- 
l a n t ,  equal i n  quan t i t y  t o  t h a t  withdrawn, i s  resuppl ied  t o  t h e  main engine tank 
from t h e  s to rage  tank through t h e  pas s ive  h e a t  exchanger. 
AIDS v e l o c i t y  a l l o c a t i o n s  were based on a  s tudy  t o  eva lua t e  t h e  opt imal  APS/OPM 
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impulse s p l i t .  F igure  5-17 p re sen t s  s tudy r e s u l t s .  Shown a r e  combined OMS and 
APS weights as a  func t ion  of v e l o c i t y  a l l o c a t e d  t o  t h e  OMS. Both the t 5 i r d  and 
seventeenth o r b i t  rendezvous cases  of Reference (b) were i n v e s t i g a t e d ,  An RL-LC-A3 
OMS engine was assumed f o r  t h i s  a n a l y s i s .  A s  shown i n  Ffgure 5-17, initially the 
combined weight of t h e  two propuls ion  subsystems decreases  markedly due to high OMS 
performance. Th i s  decrease  i n  weight cont inues f o r  the l a r g e s t  t h r e e  o r  f o u r  m i s -  
s ion  maneuvers. These maneuvers a r e :  d e o r b i t  burn, o r b i t  he ight  adjustment, 
c o e l l i p t i c  burn,  and phasing burn, A s  i l l u s t r a t e d ,  t h e  number of OMS burns in- 
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creases v e r y  r a p r d l y  a f t e r  t h e s e  f o u r  major maneuvers, w i t h o u t  a p p r e c i a b l e  d e c r e a s e  
o r  increase i n  t o t a l  OMS/APS weigh t .  T h i s  r e s u l t s  p r i n c i p a l l y  from i n c r e a s e d  start  
losses wker the  ibMS eng ine  i s  r e q u i r e d  t o  perform s m a l l  maneuvers. Hence, a n  
effective d e g r a d a t i o n  of OMS s p e c i f i c  impulse  occurs .  I n s p e c t i o n  of F i g u r e  5-17 
shcws that approx imate ly  1150 f t / s e c  shou ld  b e  a l l o c a t e d  t o  t h e  OMS. T h i s  p r o v i d e s  
near rnininu.l?i o v e r a l l  subsystem weight  and on ly  t h r e e  t o  f o u r  starts on t h e  l i q u i d  
engfne ,  Ir a n a l y z i n g  F i g u r e  5-17, a  major  u n c e r t a i n t y  is  t h e  amount of p r o p e l l a n t  
required for each OMS eng ine  start .  P r e c i s e  e v a l u a t i o n  of t h i s  q u a n t i t y  r e q u i r e s  
detailed e v a l u a t i o n  of OMS i n s t a l l a t i o n  and was beyond t h e  scope  of t h i s  s tudy .  
However, i n  o r d e r  t o  a s s e s s  t h e  v a l i d i t y  of c o n c l u s i o n s  drawn from F i g u r e  5-17, 
OMS engine s t a r t  l o s s e s  were v a r i e d ,  and r e s u l t i n g  combined subsystem weigh t s  were 
e v a r u ~ t e d ,  In F i g u r e  5-18, p r o p e l l a n t  l o s s e s  f o r  each OMS start  were v a r i e d  from 
50 zo 200 Ib, As shown, a t  v e r y  low s t a r t  l o s s e s  no optimum impulse  s p l i t  o c c u r s ,  
but only a very s m a l l  weight  g a i n  can  b e  r e a l i z e d  by i n c r e a s i n g  t h e  number o f  OMS 
starts above four .  Based on t h e s e  r e s u l t s ,  i t  was concluded t h a t  a n  OMS v e l o c i t y  
a l l o c a r i o n  3f $150 f t / s e c  was v a l i d ,  independent  of s tar t  l o s s .  
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Y i s s l s n  p r o f i l e s  f o r  low p res su re  BPS a r e  i l l u s t r a t e d  i n  F igure  5-19 and 5-20. 
A t  e n g i r e  shutdown, main engine tanks con ta in  r e s i d u a l  p rope l l an t s ,  Normal h e a t  
leak i ~ t s  t h e  tank w i l l  warm t h e  p rope l l an t  vapor and b o i l  o f f  l i q u i d  r e s i d u a l .  
Without APS usage, tank p re s su re  would inc rease  and p rope l l an t  would be vented. 
During the i n i t i a l  mission phase, t h e  APS ope ra t e s  almost e n t i r e l y  from r e s i d u a l  
lfqaid boiPaff i n  t h e  main engine tanks.  When ( l a t e r  i n  t h e  mission)  tank p re s su re  
has decayed and l i q u i d  r e s i d u a l s  have been exhausted, main engine tank p re s su re  i s  
?- L~stored o by resupplying condit ioned p rope l l an t  vapors.  
Dbring Pow demand a t t i t u d e  c o n t r o l  ope ra t ions ,  a l l  p rope l l an t  is  suppl ied  from 
the naln engine tank. Engine i n l e t  condi t ions  a r e  allowed t o  vary  wi th  tank tem- 
?..rat-rre and p re s su re  f l u c t u a t i o n s .  When a major APS ope ra t ion  is  scheduled, on ly  
a p a r t  cf the prope l l an t  i s  ex t r ac t ed  from t h e  tank,  and engine i n l e t  condi t ions  
are closely con t ro l l ed  by adding l i q u i d  t o  t h e  mixer. Af t e r  each major APS opera- 
t i o n ,  p rope l l an t  vapor i n  t h e  main engine tank  w i l l  be  r e l a t i v e l y  coo l  and tank 
.;mIPs will have been c h i l l e d  because of h e a t  removal f o r  p rope l l an t  condi t ioning.  
N o r m a l  r a d i a t i o n  from v e h i c l e  s k i n  t o  tank wa l l s  w i l l  r e s t o r e  tank w a l l  temperature 
w h i c a ,  In turn, w i l l  t r a n s f e r  h e a t  t o  p rope l l an t  vapors ,  r a i s i n g  gas temperature 
and pressure, T h e m 1  i n t e r a c t i o n s  between tank and p rope l l an t  vapors  a s  w e l l  a s  
the e f f e c t  of environmental v a r i a t i o n s ,  a r e  presented  i n  Appendix B. 
T h i r d  o r b i t  rendezvous missions l a s t  approximately one day. Residual  b o i l o f f  
propellant is used f o r  n e a r l y  t h e  e n t i r e  mission,  and tank p re s su res  and tempera- 
tures remain f a i r l y  high.  The seventeenth o r b i t  rendezvous mission is more c r i t -  
ical, s k c e  tank p re s su res  and temperatures  drop s i g n i f i c a n t l y ,  e s p e c i a l l y  during 
braking naneuvers j u s t  p r i o r  t o  docking. Also, l e s s  main engine tank l i q u i d  
residL~;ls a r e  awaiPabBe f o r  t h i s  mission. Thus, t h e  seventeenth o r b i t  mission 
establishes APS propeB3.an-t requirements.  
5,3 Trans ien t  Performance - The o b j e c t i v e  of t h i s  s tudy  was t o  i n v e s t i g a t e  
poss tb re  dynamic i n s t a b i l i t i e s  w i t h i n  t h e  subsystem. APS engines can b e  f i r e d  con- 
t i n u o ~ ~ s l y  o r i n  a  pu l se  mode, wi th  va lves  c o n t r o l l i n g  p rope l l an t  flow loca t ed  
a d l a c e ~ t  t o  the engine. Gaseous p rope l l an t  i s  c a r r i e d  from t h e  main engine tank 
t o  valves by Bong l eng ths  of tub ing;  t h e r e f o r e ,  r a p i d  opening o r  c lo s ing  of propel- 
l an t  valves can e x c i t e  o s c i l l a t i o n s  which could a l t e r  engine opera t ion .  Since f u e l  
and ox id i ze r  a c o u s t i c  v e l o c i t i e s  a r e  much d i f f e r e n t ,  and l i n e  l eng th  t o  t h e  engine 
varles between p r o p e l l a n t s ,  a  d i f f e r e n t  o s c i l l a t i o n  frequency f o r  each p rope l l an t  
could zause t r a n s i e n t  v a r i a t i o n s  i n  engine mixture  r a t i o .  The s tudy  was confined 
to f e e d  and engine assemblies ,  because t h e  l a r g e  main engine tank  volume ef fec-  
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tivsly decospkes these  assemblies  from t h e  remainder of t h e  subsystem a t  t h a t  po in t .  
To dekerlnine engine-feed assembly t r a n s i e n t  c h a r a c t e r i s t i c s ,  a  d i g i t a l  com- 
pu te r  progran was developed t o  s imula te  engine s t a r t  and shutdown t r a n s i e n t s .  Tran- 
s i e n t  models were developed f o r  l i n e s ,  va lves ,  o r i f i c e s ,  r e g u l a t o r s ,  and engines,  
and were i c t e g r a t e d  i n t o  a  common computer program t o  model t h e  d i s t r i b u t i o n  ne t -  
work domst ream of t h e  main engine tank. Program output  i nc ludes  a  time h i s t o r y  of 
terperature, pres su re ,  and weight flow a t  any des i r ed  loca t ion .  I n  a d d i t i o n ,  
engine perlomance parameters such as s p e c i f i c  impulse, mixture r a t i o ,  and chamber 
gas temperature a r e  ca l cu la t ed .  
Typical engine s t a r t  and shutdown c h a r a c t e r i s t i c s  a r e  shown i n  F igure  5-21. 
Data are for a s i n g l e  p i t c h - r o l l  engine,  opera t ing  i n  a l i m i t  cyc l e  mode wi th  
relatively warm p r o p e l l a n t s  (445'R hydrogen, 380°R oxygen). I g n i t i o n  occurs  26 m s  
after the valve  on s i g n a l  i s  rece ived ,  and 90 percent  of s teady  s t a t e  chamber pres-  
s u r e  i s  achieved a t  42 m s .  P rope l l an t  va lve  ope ra t ion  was delayed 20 m s  t o  a l low 
fo r  pneumatic p i l o t  va lve  response,  and t h e  o f f  s i g n a l  w a s  given when va lves  
reached full apen (50 ms). The r e s u l t i n g  impulse b i t  w a s  61  lb-sec,  and s teady  
2 
s t a r e  chamber p-ressure was 1 3  l b f l i n  a.  E f f ec t  of i n l e t  temperatures  on impulse 
b b t  a re  shown i n  F igure  5-22. 
Control. engLne response c h a r a c t e r i s t i c s  wi th  +X maneuver engines f i r i n g  and 
c o l d  propellants (450°R hydrogen, 200°R oxygen) a r e  shown i n  F igure  5-23. Although 
+X engine f i r i n g s  c o n t r i b u t e  t o  increased  l i n e  flow, t h e  low temperatures obtained 
from h;i-Quid vapor mixing a c t u a l l y  r e s u l t  i n  h igher  c o n t r o l  engine chamber p re s su re  
thsn i s  r e a l i z e d  during l i m i t  cyc l e  opera t ion .  
Line sarge pres su res  were eva lua ted  using worst case  condi t ions  of s i x  +X 
t r n n s i a t i o n  engines f i r i n g  and maximum i n l e t  p re s su re  of 30 l b f l i n  a ,  correspond- 
i n g  t o  a fa i led-open  r e g u l a t o r  and maximum main tank ven t  pressure .  Surge pres-  
s c rns  of 4 2  and 23  percent  were obta ined  i n  hydrogen and oxygen l i n e s ,  r e spec t ive ly .  
Effec t  of i i n e  diameter on surge p re s su res  i s  shown i n  F igu re  5-24. Inc reases  i n  
line diame"ir have r e l a t i v e l y  l i t t l e  e f f e c t  on surge pressures .  
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Component t r a d e  s t u d i e s ,  component design s e l e c t i o n  and d e f i n i t i c n ,  and 
component placement and i n s t a l l a t i o n  a r e  discussed i n  t h i s  s e c t i o n *  Performance 
c h a r a c t e r i s t i c s  of t h e  most c r i t i c a l  components ( t h r u s t e r ,  hea t  exchangers and 
l i qu id /vapor  mixers) a r e  discussed i n  Sect ion 5. Design c h a r a c t e r i s t i c s  f o r  the 
major components and subassemblies a r e  descr ibed  below. C h a r a c t e r i s t i c s  ?ecul iar  
t o  boos t e r s  o r  o r b i t e r s  a r e  noted where app l i cab le .  
6 .1  Engines - Engine assemblies  i nc lude  p rope l l an t  c o n t r o l  valves, injector, 
combustion chamber, and nozz le .  Orb i t e r  engine design f e a t u r e s  and dlmensica~s a re  
shown i n  F igure  6-1. Engine cool ing is  achieved by hydrogen f i l m  420011ng along 
t h e  i n t e r i o r  of t h e  combustion chamber and nozz le  wa l l .  Combustion. chambers and 
nozzles  a r e  f a b r i c a t e d  of t h i n  w a l l ,  h igh  temperature Haynes Alloy while the head 
end is  f a b r i c a t e d  of aluminum t o  minimize assembly weight.  The t w o  subassemblies 
a r e  a t t ached  by welding t o  a  b i m e t a l l i c  r i ng .  Chambers and nozzles  are extemalLy 
i n s u l a t e d  wi th  Min-K-2000 i n s u l a t i o n .  I g n i t i o n  is  achieved by a  sc~quenced elec- 
t r i c  spark  to rch ,  whi le  f a s t  response,  minimum pres su re  drop,  coax ta l  poppet valves 
provide  good pu l se  performance. 
The boos t e r  engine i s  s i m i l a r  t o  t h e  o r b i t e r  engines.  Di f fe rences  r e s u l t  
from h ighe r  t h r u s t  l e v e l  and lower e x p ~ n s i o n  r a t i o .  Booster engines are designed 
f o r  an expansion r a t i o  of 2 : l ;  a  con ica l  nozzle  shape was s e l e c t e d  t o  mlrlirnize 
divergence l o s s e s .  The o r b i t e r  engine uses  an expansion r a t i o  of 8:1 azd has a 
Rao nozz le  contour .  A summary of engine phys i ca l  c h a r a c t e r i s t i c s  is shotm i n  
Figure 6-2 and engine weight c h a r a c t e r i s t i c s  a r e  shown i n  F igure  6-3. 
6.2 Valve and Actuat ion System - Candidate low p res su re  va lves  ace shorn In 
Figure  6-4. The type of va lve  employed depends on t h e  p a r t i c u l a r  valve applica- 
t i o n .  Coaxial poppet va lves  were s e l e c t e d  f o r  t h e  engines t o  achieve requisite 
cycle  l i f e ,  s e a l i n g ,  and response c h a r a c t e r i s t i c s .  Motor opera ted ,  viscr-type 
va lves  shown i n  F igure  6-5 were s e l e c t e d  f o r  i s o l a t i o n  va lves  where h igh  cycle Iife 
and f a s t  response a r e  not  requi red .  Motor opera ted  iris va lves  (Figure 6-6) were 
t h e  choice  f o r  p re s su re  r e g u l a t o r s  s i n c e  they provide  low p res su re  d rop  a t  f u l l  
f low cond i t i ons  and e x h i b i t  a l i n e a r  s t r o k e  f lowra te  r e l a t i o n s h i p  ( l inear  I\, curve). 
Figure  6-7 shows t h e  engine va lve  i n  t h e  closed (non-actuated) posit lo^. A 
s i n g l e  p i l o t  va lve  c o n t r o l s  both H2 and 0 va lves  on each engine.  T o t a l  valve 2 
response time inc luding  p i l o t  va lve  i s  50 m s ,  helium a c t u a t i o n  r equ i r enen t s  are 
0.52 X l b / c y c l e .  A schematic of t h e  o r b i t e r  pneumatic subsystem i s  shown Ln 
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MIXTURE RATIO------------------------------------------------- 
EXPANSION RATIO -------------------------------- --------------- 
~NLET PRESSURE - m e - - - - - - .  - LBF/IM.~A .-------------------- --  
INLET TEMPERATURE - e m - -  - 0 2 h 2  - OR -------- ---------------. 
SPEClFiC IMPULSE--------. - SECS .----------------------------- 
FLOW RATE (TOTAL ------- - LB/SEC ----------------------------. 
FUEL FILM COOLANT ------ - O/o ................................ --- 
CYCLE LIFE .----------- --- CYCLES .......................... 
WEIGHT - TOTAL em-- - - - - - - - -  LB .----------------------------- -- 
- IriJECTOR------------------------------------------------ 
- CHAMBER & NOZZLE ...................................... 
- PROPELLANT VALVES .---------------------------- - - -i-. 
- lGMlTlON & MISCELLANEOUS.- -----me----------------------- 
- OVERALL LENGTH .--------------------------------------- 
-THROAT DIAMETER . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -me- - .  
- INSIDE CHAMBER DIAMETER ------ -------- -- 
- NOZZLE EXIT DIAMETER (0.D.) . - - - - - - - - - e m - - - - - - - - - - - - - - -  - 
------------------------------------ 
ORBOEE RAPS ENGINE DESIGN CHARACTERiSTIDCS 
EXPANSION RATIO ............................................... 
INLET PRESSURE ---------.  L B ~ / ~ ~ ~ Z A  .------------------------ 
INLET TEMPERATURE ----- - 02/n2 - ------ ----------- ------. SPEClFlC IMPULSE--------. - SECS .------------------------------ 
FLOW RATE (TOTAL------- - LB/SEC ---------------------------- 
FUEL FILM COOLANT ------ - % ................................... 
CYCLE LIFE .-------------- CYCLE$ ------ .................... 
WEIGHT - TOTAL -----------. LB .-------------------------------- 
- INJECTOR-----------------------------------------------. 
- CHAMBER & NOZZLE -------------------------------------- 
- PROPELLANT VALVES ------------------------------------. 
- IGNITION & MlSCELLANEQU$.-------------------------------.g.Q 
-OVERALL LENGTH ---------------------------------------- 
-THROAT DIAMETER . -------------------------------.  14.2 
- INSIDE CHAMBER DIAMETER------------------------------- 
- NOZZLE EXIT DIAMETER (O,D.).--------------------------- 
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LINE DIAMETER - IN 
ISOLATION VALVE DESIGN AND WEIGHT 
(Visor-Ty pe) FIGURE 6-5 
F i g u r e  6-8, The boos ter  APS employs a s i m i l a r  subsystem. Three and one-half 
pounds of helium on t h e  boos ter ,  and eleven pounds on t h e  o r b i t e r ,  have been pro- 
vided to satisfy mission requirements.  Each pneumatic c i r c u i t  is  backed up by a 
quantfty measuarirsg f u s e ,  which s h u t s  i n  t h e  event  of a broken l i n e  o r  fai led-open 
pilot valve. Thus, a f t e r  a s i n g l e  f a i l u r e ,  t h e  e n t i r e  pneumatic supply w i l l  no t  
be  vented, The a f t  o r b i t e r  helium supply was separa ted  i n t o  two s t o r a g e  tanks  t o  
p r o v i d e  f a i l - s a f e  c a p a b i l i t y  i n  ca se  one tank i s  deple ted .  A t h i r d  tank i s  
loca ted  forward t o  avoid long d i s t r i b u t i o n  l i n e s .  
6-3 - The p rope l l an t  d i s t r i b u t i o n  assembly 
s u p p l i e s  p r o p e l l a n t  t o  t h e  engine assemblies  and provides  i s o l a t i o n  of engines i n  
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case of f a i l u r e ,  The d i s t r i b u t i o n  assembly c o n s i s t s  of duc t s ,  i s o l a t i o n  va lves ,  
and linear and angular  compensators. F igure  6-9 p re sen t s  t h e  APS boos ter  d i s t r i -  
bu t ton  assembly i n s t a l l a t i o n  and F igu re  6-10 shows t h e  o r b i t e r  i n s t a l l a t i o n .  
Ducting d e s i g n  c h a r a c t e r i s t i c s  a r e  summarized i n  Figure 6-11. The minimum gage 
dimensions were s p e c i f i e d  from a survey of F-4 and DC-10 a i r c r a f t  duc t ing  a s  shown 
in Figure  6-12, 
P r o p e l l a n t  duc t s  a r e  f a b r i c a t e d  of minimum gage aluminum, and main engine tank 
pressurization l i n e s  a r e  used a s  main t runks  of t h e  APS d i s t r i b u t i o n  network a s  
discussed i n  Appendix E. I s o l a t i o n  va lves  and manifolds were loca t ed  c l o s e  t o  
the engine groups ,  t o  minimize l i n e  l eng th  and t o  provide i s o l a t i o n  f o r  each 
engine ring in the event  of engine o r  va lve  f a i l u r e .  This  avoided c o n t r o l  a x i s  
cross-coupling t h a t  would o therwise  be encountered when a n  engine f a i l e d .  Each 
l i n e  section inc ludes  l i n e a r  and angular  compensators, a s  requi red ,  t o  absorb nor- 
m a l  vehicle manufacturing to l e rances ,  t o  absorb d i f f e r e n c e s  i n  thermal expansion 
between dacts and v e h i c l e  s t r u c t u r e ,  and t o  compensate f o r  s t r u c t u r a l  motion. A 
t y p i c a l  l i n e  and c-ompensator i n s t a l l a t i o n  i s  shown i n  F igure  6-13. Aluminum bel-  
lows, used i n  l i n e a r  and angular  compensators, a r e  s i g n i f i c a n t l y  l i g h t e r  than  
comparable s t a i n l e s s  s t e e l  compensators. Although aluminum has  not  been exten- 
s ively  used for r~;aleh an  a p p l i c a t i o n  i n  t h e  p a s t ,  d a t a  from bellows manufacturers  
show that alminwann bellows w i l l  be  s a t i s f a c t o r y  as long a s  h igh  p re s su res  and 
large deflections a r e  avoided. Deta i led  d i s t r i b u t i o n  assembly a n a l y s i s  and com- 
ponent design c h a r a c t e r i s t i c s  a r e  presented i n  Appendix E. 
6 , 4  Main Tank ~ i q u i d / ~ a p o r  Separa t ion  - Both boos ter  and o r b i t e r  use  l i q u i d /  
vapor separators t o  prevent  l i q u i d  i n g e s t i o n  i n t o  t h e  d i s t r i b u t i o n  assembly. Due 
t o  d i f f e r i n g  requirements ,  t h e  des ign  approach between boos ter  and o r b i t e r  v a r i e s .  
Sufficilent r e s i d u a l  p rope l l an t  Cliquid and vapor) remain i n  t h e  boos t e r  main 
engine tanks t o  provide t h e  e n t i r e  boos t e r  APS requirements.  Bulk l i q u i d  propel- 
lant i s  prevented from e n t e r i n g  t h e  APS d i s t r i b u t i o n  network through t h e  use  of 
g-sensitive valves of t h e  type  shown i n  F igure  6-14. Short  boos t e r  mission t imes 
preclude p rope l l an t  o r i e n t a t i o n  i n  accordance w i t h  zero-g cond i t i ons ,  and propel- 
l a r t  w i l l  move i n  r e l a t i o n  t o  a c c e l e r a t i o n  o r  i n e r t i a l  fo rces .  Any s h i f t  of 
acceleration f o r c e s  t h a t  w i l l  cause bulk l i q u i d  t o  move toward t h e  va lve  w i l l  a l s o  
close the valve from t h a t  d i r e c t i o n .  The va lve  is  loca t ed  on a  s t a n d o f f ,  ensur ing  
t h a t  the valve  w i l l  no t  be  submerged when r e s i d u a l s  a r e  l oca t ed  along t h e  tank  wa l l .  
The Orbiter U S  i s  cha rac t e r i zed  by long o r b i t a l  pe r iods ,  where zero  "g" 
condi t ions  are encountered. Also, t h e  o r b i t e r  main propuls ion  i s  shu t  down by 
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MINIMUM GAGE (INS) 
- --- - 
DISTRIBUTION ASSEMBLY DESIGN CHARACTERISTICS 
(Oxygen and Hydrogen) 
F I G U R E  6-1 1 
MODEL USAGE 
PNEUMATIC BLEED, 
ENVIRONMENTAL 
CONTROL 
(INCHES) I (IblCHES) MATERIAL REMARKS 
LINE PRESSURE = 25 PSI 
3.5 0.028 0.035 MINIMUM GAGE FOR WELDING 
4.5 0.035 
AIRCRAFT DUGTIMG SURVEY 
FIGURE 6-12 
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ANGULATION 
COMPENSATORS (2 REQ'D) 
PRESSURE BALANCED 
MOTION CmPENSATOR 
COUPLING TY PlCAL LINE INSTALLATION FIGURE 6-13 
VALVE 
POPPET 
TORUS COLLECTOR 
COLLECTORTUBE 
ACCELERATION FORCES 
BOOSTER TANK OUTLET VALVE 
(G SENSITIVE VALVE POPPET) FIGURE 6-14 
6-14 
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v e l o c i t y  command i n s t e a d  of p rope l l an t  dep le t ion ;  hence, a  l a r g e  quan t i t y  of 
r e s i d u a l s  could remain a s  t ime of o r b i t  i n s e r t i o n .  Act ive l i qu id /vapor  s e 2 a r a t c r s  
f o r  t h e  o r b i t e r  tank  a r e  imprac t i ca l ,  s i n c e  t h e r e  i s  no ready means of predicting 
where t h e  bulk  l i q u i d  might s e t t l e  i n  a  zero g  environment. Hydrogen re s idxa l s  
r ap id ly  b o i l  o f f  and provide l i t t l e ,  i f  any, LIPS weight advantage, For t h i s  
reason,  hydrogen r e s i d u a l s  a r e  dumped through t h e  main engines a f t e r  main engine 
shutdown t o  avoid l i q u i d  i n g e s t i o n  i n t o  t h e  feed system and/or  main engine t a ~ k  
p re s su re  co l l apse .  The r eve r se  i s  t r u e  wi th  l i q u i d  oxygen r e s i d u a l s .  They- iSoi; 
o f f  more slowly and r ep resen t  a  l a r g e  p o t e n t i a l  weight sav ings .  
A t ens ion  bulkhead, j u s t  forward of t h e  common bulkhead, has  been added ;n 
t h e  LO boost  tank t o  conta in  l i q u i d  oxygen r e s i d u a l s .  The t ens ion  bulkhead i s  2 
so  placed a s  t o  ensure  t h a t  a l l  LO w i l l  have completely dra ined  from the  boos t  2 
tank main compartment p r i o r  t o  main engine c u t o f f .  The opera t ion  of t h i s  cornpart- 
ment tank i s  shown i n  Figure 6-15. During launch,  p rope l l an t  i s  ex t r ac t ed  from 
t h e  main tank  u n t i l  t h e  l i q u i d  l e v e l  reaches t h e  top  of t h e  segmented cornpartrnect, 
Then, t h e  va lve  t o  the  segmented compartment i s  opened, a l lowing both tanks it0 
d r a i n .  A t  shu tdom,  r e s i d u a l  p rope l l an t  w i l l  be  l oca t ed  i n  feed  l i n e s  and segmented 
compartment only. Although r e s i d u a l  quan t i t y  w i l l  depend on amount of flight 
performance r e se rves  u t i l i z e d  and s p e c i f i c  mission requirements ,  a t  l e a s t  244.0 Eb 
w i l l  be  a v a i l a b l e .  
The o r i g i n a l  0 Tank bulkhead was designed t o  withstand compressive forces  2 
r e s u l t i n g  from l i q u i d  oxygen head during launch.  The added t ens ion  bulkheaa will 
r e l i e v e  t h e  lower bulkhead of l i q u i d  oxygen head, thereby al lowing a  reduction 
i n  lower bulkhead weight.  A summary of r e s u l t a n t  weight i s  shown i n  Figure 6-16, 
The segmented compartment was obta ined  f o r  a  n e t  weight pena l ty  of on ly  53 i b s ,  
inc luding  va lves .  This weight pena l ty  i s  minor compared t o  p o t e n t i a l  oxygen 
r e s i d u a l  a v a i l a b i l i t y .  
6.5 EiquidfVapor Mixer (Orb i t e r  Only) - For major U S  ope ra t ions ,  parT: sf 
t h e  p rope l l an t  i s  obtained from t h e  main engine tank ,  t h e  remainder suppl ied  as 
l i q u i d  from t h e  p rope l l an t  s t o r a g e  assembly t o  t h e  l i qu id /vapor  mixer.  Dur~ng low 
demand a t t i t u d e  c o n t r o l  ope ra t ions ,  a l l  p rope l l an t  i s  ex t r ac t ed  from the maln 
engine tank;  t h e r e  i s  no downstream i n j e c t i o n  i n  t h e  l iqu id /vapor  mixer,  L t q u i d /  
vapor mixer design i s  shown i n  Figure 6-17. It c o n s i s t s  of a  l i q u i d  injectLon 
element,  hyper th in  vanes loca t ed  normal t o  t h e  gas s t ream, and a  domstream mixing 
l e n g t h  t o  al low l i q u i d  vapor i za t ion .  I n i t i a l l y ,  when t h e  temperature of t h e  gas  
being removed from t h e  main engine tank  i s  h igh ,  a  l a r g e  quan t i t y  of Piquid can be 
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ORBITER TANK WElGMT @OMPARSION 
DROPLET DIAMETER, I#. 
TOTAL PRESSURE DROP 
GAS STREAM NOACH no. 
h 0.70 IN. 1 
TYPICAL VARE 
PROPELLANT b!QU$D/VAPQIR MIXER FIGURE 6-17 
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used ,  A s  tank temperature and p re s su re  decay wi th  t ime, l i q u i d  flow r a t e  must be 
decreased to maintain des i r ed  mixer o u t l e t  condi t ions .  More p rope l l an t  must then  
be extracted from t h e  main engine tank t o  support  s teady  s t a t e  condi t ions  a t  t h e  
mlxer outlet, Figure 6-18 g ives  t h e  l i q u i d  f low r a t e s  requi red  t o  maintain des i r ed  
INLET GAS TEMPERATURE, OR 
LIQUIDIVAPOR MIXER 
LIQUID FLOW RATE TO PROVIDE REQUIRED OUTLET TEMPERATURES 
FIGURE 6-18 
outlet temperatures .  Flow con t ro l  i s  provided by a  motor dr iven  c a v i t a t i n g  v e n t u r i  
throttle valve which decouples t h e  flow c o n t r o l  from p res su re  o s c i l l a t i o n s  i n  t h e  
mixer, Mixer weights a r e  11.4 and 17.4 l b  f o r  hydrogen and oxygen, r e s p e c t i v e l y .  
These weights d43 not  i nc lude  approximately 11 l b s .  f o r  a  l i q u i d  t h r o t t l e  va lve ,  
6.6 Heat Exchanger (Orb i t e r  Only) - Orb i t e r  hea t  exchangers a r e  used t o  
condition resupply l i q u i d  p rope l l an t  when main engine tank  p re s su re  i s  l e s s  than 
2 24 Bbf / in  . Resupply p rope l l an t  is  vaporized,  then  superheated i n  t h e  h e a t  
WCn@MWEB.L  DOUIGLAS ASTRONAUTICS CONIPANV - EAST 
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exchanger. The hea t  exchanger c o n s i s t s  of t h i n  w a l l ,  aluminum tubing  mounted 
d i r e c t l y  on t h e  tank wa l l s  (which se rve  a s  a  h e a t  s i n k ) .  Figure 6-19 illustrices 
ORBITER TANK CONFIGURATION 
HEATEXCHANGERPAHELS 
/'- 
(TWO 02, FOUR Hz) 
(1/8 IN RIVETS AT 0.6 81 SPACING 
0.68 x 0.75 LE CUTOUT 
(TYPICAL EACH TANK RING) 
TANK LONGITUDINAL 
STIFFENERS @ 
4 IN. SPACING (02) & 
10 IN. SPACING (Hz) 
EVERY 20 IN. 
PASSIVE HEAT EXCHANGER CONCEPT 
FIGURE 6-19 
tube  mounting t o  tank  l o n g i t u d i n a l  s t r u c t u r a l  s t i f f e n e r s .  Tube and mount i rg  
s e c t i o n  modulus adds t o  l o n g i t u d i n a l  r i b  s t i f f n e s s ,  pe rmi t t i ng  a  reduct ion  i n  rank 
r i b  he igh t  and thus  weight.  However, t h e  weight reduct ion  can only be a p p l i i d  to 
t h e  O2 t ank  s i n c e  t h e  H 2 r i b  he ight  i s  a t  t h e  minimum requi red  f o r  r i v e t i n g .  
The oxygen h e a t  exchanger i s  d iv ided  i n t o  two pane l s ,  each wi th  154 tubes, 
approximately 0.4 i n .  i n  diameter .  The hydrogen h e a t  exchanger i s  d iv ided  into 
four  pane l s ,  each c o n s i s t i n g  of 62 t ubes ,  0 .3 i n .  i n  diameter .  These panels are 
connected i n  p a r a l l e l ,  and se rve  t o  reduce h e a t  exchanger f r i c t i o n a l  pressne d r o p .  
S p e c i f i c  h e a t  exchanger design c h a r a c t e r i s t i c s  were def ined  on t h e  b a s i s  of sub- 
6-19 
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sy s t ea  psrfoa-mance (as  presented e a r l i e r  i n  Paragraph 4.11, and & r e  shown i n  
Figurte 6-20,  
TYPE 
LOCATION 
ATTACHMENT 
TUBE CHARACTERlSTlCS 
MATERIAL 
DEPdSIG(, LBI/EM~ 
DESIGN TEMPERATURE, OR 
ULTIMATE STRESS, LBF/IN 
ULTIMATE SAFETY FACTOR 
MINIMUM GAGE, INCHES 
MAXlMUM MACH NUMBER 
PANEL DIMENSIONS 
NUMBER OF PANELS 
NUMBER OF TUBES 
TUBE LENGTH, F T  
TUBE SPACING, IN 
TUBE DIAMETER, IN 
MULTIPLE T U B E B E A T  SINK 
INTEGRAL WITH MAIN ENGINE TANK WALL 
TUBE FLANGE RIVETED TO TANK LONGITUDINAL STIFFENERS 
2014-T6 ALUMINUM 
0.101 
530 
64,000 
2.0 
0.022 
0.3 
OXYGEN HYDROGEN 
2 4 
154 62 
17.5 15.0 
4.0 10.0 
0394 0.298 
HEAT EXCHANGER DESIGN CldAWACTERlSTlCS 
FIGURE 6-20 
6,7 - Prope l l an t  Storage - After  boos t ,  s u f f i c i e n t  r e s i d u a l  p r o p e l l a n t s  a r e  
available i n  t h e  boos ter  main engine tanks t o  meet APS requirements.  Therefore,  
auxiliary boos ter  APS s t o r a g e  i s  not  requi red .  However, i n  t h e  case  of t h e  o r b i t e r  
impulse  requirements a r e  much g r e a t e r ,  and a u x i l i a r y  p rope l l an t  s t o r a g e  i s  r equ i r ed  
A detailed s:ummary of t h e  s tudy  performed t o  d e f i n e  o r b i t e r  APS tank  des ign  charac- 
teristlics is, presented i n  Appendix D ,  and a  b r i e f  summary of s e l e c t e d  tank design 
i s  described below. 
O ~ b i t e r  APS LH and LO a r e  s to red  i n  s p h e r i c a l  tanks loca t ed  immediately for -  2 2 
ward oY the payload bay. This  l o c a t i o n  provides  ready acces s  f o r  maintenance 
t h r o w ?  the  payload bay. The tanks  a r e  supported a t  t h r e e  p o i n t s  by a  low conduc- 
tivity support  s t r u c t u r e .  Tank support  l e g s  a r e  made of f i b e r g l a s s  tubes ,  6.0 i n .  
i n  diameter and ranging i n  th ickness  from 0.035 i n .  t o  0.10 i n .  P in  j o i n t s  a t t ach -  
nent pclnts accommodate d e f l e c t i o n s  caused by loads  and thermal expansions. 
The LO tank i s  pressur ized  by regula ted  helium pressure .  The He p re s su ran t  2 
storage tank i s  mounted i n s i d e  t h e  LO tank t o  t ake  advantage of t h e  volumetr ic  2 
efficiency gained by s t o r i n g  t h e  p re s su ran t  a t  LO temperatures .  Hydrogen p re s su re  2 
i s  provided by low head r i s e  boost  pumps loca t ed  i n  t h e  tank  sump. The LH2 tank 
2 
w i l l  be prepressur ized  wi th  helium t o  40 l b f l i n  a .  A s  t h e  LH2 supply i s  dep le t ed ,  
2  
tank. pressure w i l l  drop t o  approximately 20 l b f l i n  a .  This  p re s su re  w i l l  main ta in  
2 
an hPSP o f  at. l e a s t  0.5 l b f / i n  a  a t  pump i n l e t s ,  and w i l l  suppress  nuc lea t e  bo i l -  
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- 
ing  (which could occur during ope ra t ion  a t  s a t u r a t e d  cond i t i ons ) .  
The tankage concept c o n s i s t s  of a  2219 aluminum b a s i c  p re s su re  vessel, a Layer 
of cryofoam (on t h e  LH2 tank on ly ) ,  a  cool ing  shroud made of 0.125 i n .  diameter 
aluminum tubing  brazed t o  a  very  t h i n  aluminum shroud, a  b lanket  of high perfor-- 
mance i n s u l a t i o n  (IFPI) and a  f i b e r g l a s s  ou te r  s h e l l .  F igure  6-21 illus~rares the 
COOLING SHROUD 
INSULATION IBIANKET 
PRESSURE VESSEL 
(2219-T87 AL) 
ACQUlSlTlON RINGS (3) 
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tank assembly. Cooling shroud temperature i s  maintained by continenous 5yd roge~ :  
vent .  LH i s  ex t r ac t ed  f o r  cool ing,  expanded t o  provide a  7OR t e n p e r a t a r e  drop, 2 
then  routed t o  shroud, tank  suppor ts ,  and pene t r a t ions ,  where vapor i za t ion  fs com- 
p l e t ed .  The f i b e r g l a s s  o u t e r  s h e l l  s e rves  a s  an  environmental s h i e l d  f o r  the tank 
i n s u l a t i o n .  On t h e  ground, cons tan t  purge of GN provides  a n  i n e r t  atmosphere 2 
which p r o t e c t s  t h e  HPI a g a i n s t  contamination and cor ros ion .  I n  orrbit, the  fiber- 
g l a s s  s h e l l  i s  vented t o  vacuum t o  enable  t h e  HPI t o  f u n c t i o n  e f f i c i e n t l y ,  O n  
re -en t ry ,  helium ( f o r  hydrogen tank)  o r  n i t r o g e n  ( f o r  oxygen tank)  is purged 
through t h e  c a v i t y  between t h e  ou te r  s h e l l  and t h e  tank  t o  prevent  the  shell 
from co l l aps ing ,  and t o  prevent  atmospheric contamination of t h e  MPI, 
P rope l l an t  a c q u i s i t i o n  i s  accomplished through t h e  use  of screen channels 
shown i n  Figure 4-22. Screen channels a r e  so loca t ed  t h a t  some p o r t i o n  sf the 
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sc reen  w i l l  always be "wet ted ,"  thereby ensur ing  communication wi th  the o u t l e t ,  
A summary of t h e  tankage assembly weights  a r e  shown i n  F igure  6-23, 
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7. SUBSYSTEM WEIGHT AND DESIGN SENSITIVITIES 
7.1 Booster APS - A weight breakdown of t h e  boos t e r  APS i s  presented ir, 
Figure 7-1. No p rope l l an t  i s  requi red ;  main engine tank r e s i d u a l s  provide zhe 
t o t a l  mission requirements.  Use of main engine r e s i d u a l s  r e s u l t s  i n  a weight 
pena l ty  a s soc i a t ed  wi th  increased  main engine subsystem weight.  The weight  penalty 
i ncu r red  i s :  
p re s su ran t  (K only)  2 660 l b  
l i qu id /vapor  s e p a r a t i o n  valves 141 l b  
h e a t  exchanger (H2 only)  - 57 l b  
To ta l  weight pena l ty  858 l b  
The 660 l b  H pressurant  weight pena l ty  r ep re sen t s  t h e  inc rease  i n  vapor residual 2 
as soc ia t ed  wi th  t h e  r educ t ion  i n  i n i t i a l  hydrogen tank vapor temperature as 
d iscussed  i n  Paragraph 4.1. The t o t a l  weight pena l ty  (858 l b )  has been assessed 
a g a i n s t  t h e  APS, and i s  included i n  t h e  t o t a l  boos te r  APS weight of 5647 Bb, 
The remainder of t h e  subsystem c o n s i s t s  of engine assemblies  (3081 l b )  and 
d i s t r i b u t i o n  assembly (1708 l b )  . 
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Weight s e n s i t i v i t i e s  a r e  shown i n  Figure 7-2. Subsystem weight i s  s t r o n g l y  
dependent on engine t h r u s t  l e v e l  and chamber p re s su re ,  and i s  r e l a t i v e l y  in sens i -  
t i v e  to mixture r a t i o  and expansion r a t i o ,  Subsystem weight s e n s i t i v i t y  t o  main 
engine tsnk pressures  i s  very high,  i f  t he  weight pena l ty  a s soc i a t ed  wi th  h ighe r  
pressures i s  included.  Thus, no p re s su re  i nc reases  above those s p e c i f i e d  i n  
Reference (a) a r e  recommended. The subsystem design p o i n t s ,  based on t h e  weight 
optimums shown i n  Figure 7-2 a re :  
chamber p re s su re  11 l b f l i n L a  
nzixture r a t i o  2 .0  
el~pansiasn r a t i o  2:1 
These values r e f l e c t  t he  e f f e c t  of engine performance on l i n e  s i z i n g  ( i n  terms 
o f  flowrate requirements) and t h e  e f f e c t  of engine per fomance  on main engine 
final rank p re s su re  ( a s  d iscussed  e a r l i e r  i n  s e c t i o n  5.2) .  
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7.2 O r b i t e r  APS - A weight breakdown of t h e  f i n a l  o r b i t e r  APS desim i s  
presented  i n  Figure 7-3. Weights a r e  shown f o r  p r o p e l l a n t ,  main engine p ropu l s i on  
modi f ica t ions  and each o r b i t e r  APS assembly. The prope l l an t  weight shown includes 
usable ,  vent  and APS r e s i d u a l ,  bu t  does not  inc lude  the  usable  main engine 
r e s i d u a l s  which f u r n i s h  1913 l b s  of oxygen. However, t he  weight penal ty  r e q u i r e d  
t o  u t i l i z e  t he  main engine r e s i d u a l s ,  i . e . ,  t h e  compartmented tank weigh t  pena l ty  
of  50 l b  has  been charged t o  t h e  APS. I n  add i t i on ,  t h e  weight of main engine 
pres su ran t  l i n e  bypass va lves ,  requi red  t o  accomodate t he  l iqu id /vapor  mixer 
concept , have been included.  
COMPONENT (NO) 
PROPELLANT (*) 
MAIN PROPULSION MODS. 
COMPARTMENTEDTANK 
PRESSURANT L lNE BYPASS VALVES (2) 
PROPELLANTSTORAGE ASSEMBLY 
TANK, INSULATION, AND VENT 
PRESSURIZATION SUBASSEMBLY 
PROPELLANT ACQUISITION 
PROPELLANT CONDITIONING ASSEMBLY 
LlNE AND MANIFOLDS 
TUBING 
ATTACHMENT FLANGES 
VALVES (5) 
LIQUID VAPOR MIXING ASSEMBLY 
MIXER 
THROTTLE VALVE 
CONTROL VALVES (5) 
REGULATORS (2) 
DlSTRlBUTlON ASSEMBLY 
LINES 
COMPENSATORS, LINEAR 
COMPENSATORS, ANGULAR 
ISOLATION VALVES (24) 
ENGINE ASSEMBLES 
ENGINES (33) 
PNEUMATIC SUBASSEMBLY 
HELIUM 
TANKS (3) 
VALVES (42) 
REGULATOR (5) 
LINES 
WEIGHT, L B  
02 "2 - 
(26991 
(92) (42) 
50 - 
42 42 
1 (TOTAL) I (128681 
* INCLUDES REQUIREMENTS FOR OMS PROPELLANT SETTLING (120,000 LB-SEC). 
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Orbiter w e i g h t  s e n s i t i v i t i e s  a r e  shown i n  Figure 7-4. As wi th  the boos t e r ,  no 
weight advantage is incur red  wi th  main engine tank p re s su re  i nc reases ,  i f  t he  main 
ewglne tank w e i g h t  i nc rease  a s soc i a t ed  w i t h  h ighe r  p re s su re s  i s  included.  The 
subsys  tern is s e n s i t i v e  t o  both requirements ( t h r u s t  , impulse) and subsys tern 
design parameters ( c h a d e r  p re s su re ,  mixture r a t i o ,  a r e a  r a t i o ,  and engine i n l e t  
temperature), Subsysfem design parameters a re :  
chamber pres su re  2 1 3 . 7  l b f / i n  a 
mixture ratio 
expansnon r a t i o  
e n g b e  inlet temperature 
hydrogen 
osyg en 200°R 
The chamber ? re s suse ,  mixture r a t i o ,  and expansion r a t i o  were s e l e c t e d  t o  provide 
minimum s u b s y a t m  weight.  The engine i n l e t  temperatures were s e l e c t e d  as low as  
possible c o n s i s t e n t  wi th  the  p rope l l an t  condensation temperature l i m i t s  d i scussed  
i n  section 5,1, 
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The weights shown i n  Figure 7-3 r e f l e c t  f a i l u r e  c r i t e r i a  of nominal accelera- 
t i o n  wi th  one engine o u t  and minimum a c c e l e r a t i o n  wi th  two engines o u t ,  A refer- 
ence design p o i n t  us ing  nominal a c c e l e r a t i o n  wi th  = engines and minimum acceler- 
a t i o n  wi th  two engines out  has  been determined t o  provide a  common base f o r  corn- 
pa r i son  t o  t he  h igh  p re s su re  APS (Reference b ) .  The l a t t e r  f a i l u r e  c r i t e r i a  
allows a  reduct ion  i n  engine t h r u s t  l e v e l  wi th  a  commensurate reduct ion  i n  s ~ ~ b -  
system weight .  A weight breakdown of t h e  re ference  design po in t  is  shown i n  
Figure 7-5. 
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In add i t i on ,  t h e  use of i n t e g r a t e d  APS/OMS tankage, such a s  t h a t  used on t h e  
high pres su re  APS was i n v e s t i g a t e d .  Tankage assembly weights have been based on 
the high pres su re  A P S  Subtask B r e p o r t ,  Reference (b ) .  Tankage and p r e s s u r i z a t i o n  
assepn$ly weights were sca l ed  t o  t h e  U S  p r o p e l l a n t  requirements and ad jus ted  t o  
2 
reflect the APS p r e s s u r i z a t i o n  requirements of 35 l b f / i n  a.  The r e s u l t i n g  sub- 
s y s t e m  weights  a r e  shown i n  Figure 7-6. 
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8. TECHNOLOGY CRITIQUE 
Space s h u t t l e  c o n t r o l  requirements and low p res su re  APS i n s t a l l a t i o n  features 
d i c t a t e d  t h r u s t  l e v e l s  of 2500 I b  f o r  t h e  Booster and 1080 l b s  f o r  the 3rbiter, 
Also, s h u t t l e  r euse  requirements n e c e s s i t a t e  t h a t  t h e  subsystem perform 100 
missions without  major refurbishment .  These requirements a r e  f a r  beyond tEzose 
of any previous c o n t r o l  propuls ion  system, and no APS components capable s f  
s a t i s f y i n g  t h e s e  requirements e x i s t  today. The purpose of t h i s  s tudy was to 
develop a low p res su re  APS design t o  f u l f i l l  t h e s e  requirements .  The resulting 
low p res su re  APS i s  simple i n  design and ope ra t iona l  approach. Controls  f o r  the 
subsystem a r e  not  complex and, a t  t h e  low p res su res  of i n t e r e s t ,  component designs 
capable of s a t i s f y i n g  both performance and l i f e  requirements appear to be  relatively 
s t r a igh t fo rward .  Discussion of technology cons ide ra t ions  f o r  t he  MS are preseneed 
sepa ra t e ly  f o r  each major assembly. 
8 .1  P rope l l an t  Storage Assembly Technology - I n  t h i s  assembly, there a r e  t w o  
p r i n c i p a l  a r e a s  of technology u n c e r t a i n t i e s :  (a) t h e  p re s su r i zed ,  drial vaBL  ins^- 
l a t i o n  assembly, and (b) design of t h e  p rope l l an t  a c q u i s i t i o n  device ,  Based on 
p re sen t ly  a v a i l a b l e  d a t a ,  high confidence can be placed i n  t h e  per fomanee  of 
aluminized Mylar i n s u l a t i o n  wi th  regard t o  i t s  b a s i c  h e a t  t r a n s f e r  charaeseristlcs. 
Numerous developmental programs r e l a t e d  t o  h igh  performance i n s u l a t i o n  have been 
conducted, and s h u t t l e  requirements do no t  t a x  t h e  c a p a b i l i t y  of t h i s  type of heat 
p r o t e c t i o n  system. However, no programs have been conducted t o  demonstrate the 
r e u s a b i l i t y  of t h i s  kind of i n s u l a t i o n .  It i s  known, though, t h a t  any farm s f  
condensation wi th in  Mylar l a y e r s  can cause severe  degradat ion i n  thermal charac- 
t e r i s t i c s .  For t h i s  reason,  t h e  tankage system inco rpora t e s  a f i b e r g l a s s  outer 
s h e l l ,  p r e s su r i zed  dur ing  boost  and e n t r y  and vented f o r  a l l  o r b i t  operations. 
This prevents  con tac t  between i n s u l a t i o n  and atmospheric a i r  (with r e s u l t a n t  risk 
of condensation between NyIar l a y e r s ) .  Data a r e  a v a i l a b l e  which i n d i c a t e  t h a t  
m u l t i l a y e r  i n s u l a t i o n  of t h i s  type  w i l l  f r e e l y  vent  without  s i g n i f i c a n t  pressure 
grad ien t s  when no p r o t e c t i v e  covering i s  used. However, d a t a  a r e  no t  available t o  
show whether o r  no t  repeated p r e s s u r i z a t i o n  and vent  cyc l e s  would alter high. 
performance i n s u l a t i o n  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  nor  t o  show that vent ing  could 
be r e a d i l y  accomplished when a p r o t e c t i v e  covering i s  used. 
The p r i n c i p a l  concern i n  p rope l l an t  s t o r a g e  assembly design i s  the propellant 
p o s i t i o n i n g  device.  Data a r e  a v a i l a b l e  which c l e a r l y  demonstrate the validity of 
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t h e  surface tens ion  approach f o r  p rope l l an t  pos i t i on ing .  However, a l l  previous 
work bas been conducted on r e l a t i v e l y  small  s c a l e  tanks ,  and t h e r e  has been very 
little experience wi th  cryogenics .  To d a t e ,  t h e  maximum s i z e  of s u r f a c e  t ens ion  
device has been l i m i t e d  t o  approximately 1 f t  i n  diameter .  Screen product ion 
forecasts i n d i c a t e  a  s i z e  l i m i t  i n  t h e  o rde r  of 5 f t  o r  l e s s .  Since APS prope l l an t  
tanks w i l l  be 9 . 5  ft and 5.5 f t  i n  diameter f o r  hydrogen and oxygen, r e s p e c t i v e l y ,  
a. novel ayproach to pos i t i on ing  w i l l  be  requi red  t o  accommodate s c reen  f a b r i c a t i o n  
Blmltations, The b a s i c  n a t u r e  of s u r f a c e  t ens ion  screen  devices  p r o h i b i t s  t h e  
presence of  gas i n  t h e  contained p rope l l an t  c a v i t y ,  a s  t h i s  could r e s u l t  i n  a  
b r e a k d o n  o f  l i q u i d l g a s  i n t e r f a c e  (with a  r e s u l t a n t  l o s s  of p re s su ran t ) .  Thus, 
heat leak i n t o  a cryogenic s u r f a c e  t ens ion  device  must be minimized, s i n c e  b o i l i n g  
cizhin the containment device would produce vapor. An acceptab le  screen  design 
consisting o f  sing channels t o  cap tu re  t h e  p rope l l an t  appears  t o  so lve  the  f a b r i -  
c a t i o n  problem, and use of a  vapor cooled shroud w i l l  i n t e r r u p t  any hea t  f l u x  i n t o  
the device, However, s i g n i f i c a n t l y  more e f f o r t  w i l l  be  r equ i r ed  t o  e s t a b l i s h  
su r f ace  t ens ion  screen  design d a t a  and t o  demonstrate achievement of succes s fu l  
des ign ,  
8.2 Conditioner Assembly Technology - Technology cons ide ra t ions  a s soc i a t ed  
with this asse-nlbly a r e  r e l a t e d  t o  component design and performance and t o  ques t ions  
a s soc i a t ed  w i t h  subsystem ope ra t iona l  a n a l y s i s .  
8,2,1 -- Conditioner Assembly Component Design - P r i n c i p a l  concern over compo- 
nent design l i e s  with t h e  pas s ive  hea t  exchanger. A s  c u r r e n t l y  conceived, t h e  
heat exchanger c o n s i s t s  of t h i n  w a l l ,  aluminum tubing  i n  i n t ima te  con tac t  wi th  
booster tank l o n g i t u d i n a l  s t i f f e n e r s .  Analyses t o  d a t e  have no t  given i n  depth 
attention t o  the cos t  and d i f f i c u l t y  of i nco rpora t ing  such a  device  on t h e  tank. 
While it appears to be  a  simple and s t r a igh t fo rward  ope ra t ion ,  t h i s  b a s i c  premise 
should be exmilled i n  d e t a i l  from t h e  viewpoint of design v e r i f i c a t i o n  t e s t i n g  and 
tank f a b r i c a t i o n  c o s t .  
The func t ion  of t h e  hea t  exchanger i s  t o  vapor ize  l i q u i d  p r o p e l l a n t s  from 
storage tanks and superheat  them t o  requi red  condi t ion ing  temperature.  This  
requires a f l u i d  phase change wi th in  t h e  h e a t  exchanger,  and t h i s  has  been c l a s s i -  
c a l l y  d i f f i c u l t  because of s t a b i l i t y  and chugging cons ide ra t ions .  Due t o  t h e  
n a t u r e  of t h e  hea t  s i n k  approach t o  condi t ion ing ,  h e a t  i npu t  w i l l  no t  be w e l l  
c o n t r o l l e d ,  When two major ope ra t ions  occur  i n  a  s h o r t  per iod  of t ime,  t h e  tank  
wall w i l l  be r e l a t i v e l y  cool  f o r  t h e  second burn,  r e s u l t i n g  i n  a  r e p o s i t i o n i n g  of 
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phase change l o c a t i o n  wi th in  t h e  hea t  exchanger. Thus, h e a t  exchanger s i z i n g  
w i l l  r e q u i r e  cons idera t ion  of a  range of phase change p o s i t i o n s  wi th in  t h e  heat 
exchanger. Test  d a t a  a r e  requi red  t o  d e f i n e  both performance and ope ra t ing  charac- 
t e r i s t i c s  of t h e  h e a t  exchanger. Since convect ive e f f e c t s  induced by flow x~elarc i ty  
w i l l  c e r t a i n l y  dominate, t e s t i n g  i n  an e a r t h  g rav i ty  environment should provide 
s a t i s f a c t o r y  da ta .  Heat exchanger performance is  a l s o ,  t o  a  l a r g e  degree,  con- 
t r o l l e d  by r a d i a t i o n  from v e h i c l e  s t r u c t u r e  t o  tank  wa l l s .  This ,  of course-  
d i c t a t e s  hea t  exchanger recovery time. Ul t imate ly ,  v e h i c l e  s k i n  and h e a t  protec-  
t i o n  system should be s imulated i n  a  vacuum f a c i l i t y ,  bu t  f o r  t h e  p r e s e n t ,  system 
a n a l y s i s  should be r e l a t i v e l y  accu ra t e  f o r  de f in ing  hea t  exchanger recovery t i m e .  
Thus, s imula t ion  with t h e  h e a t  p r o t e c t i o n  system i s  no t  seen  a s  a n  immediate-: 
technology need. 
8.2.2 Condit ioner  Assembly Analysis - Uncer t a in t i e s  r e l a t e d  t o  analysis sf 
t h e  cond i t i one r  assembly cen te r  around b a s i c  thermodynamic models of the assenbly 
dur ing  ope ra t ion .  There a r e  t h r e e  r e l a t e d  a reas  which r e q u i r e  more d e t a i l e d  
i n v e s t i g a t i o n :  
(a )  motion and vapor i za t ion  r a t e s  of t h e  main,engine l i q u i d  r e s i d u a l s  after 
main engine c u t o f f ;  t h i s  has  a l a r g e  impact on t h e  amount o f  APS propel- 
l a n t  requi red  and f i x e s  i n i t i a l  boundary condi t ions  f o r  ana lyses  of MS 
ope ra t ion ,  
(b) mixing of resupply p r o p e l l a n t s  dur ing  a  major APS ope ra t ion ;  this de f ines  
t h e  s t a t e  of p rope l l an t  vapor be ing  removed from t h e  tanks ,  c h i t h ,  i n  
t u r n ,  impacts h e a t  exchangers,  mixer and APS p rope l l an t  requiremeiats, and 
de f ines  i n i t i a l  condi t ions  f o r  APS recovery time ana lyses ,  
(c) h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  w i t h i n  t h e  tank  fol lowing a  major A2S 
ope ra t ion ;  t h e s e  d e f i n e  r a t e  of temperature and p re s su re  recovery w i t h i n  
t h e  tank  fol lowing a  burn, and de f ines  gas temperature p r o f i l e s  t o  Re 
expected a t  s t a r t  of t h e  next  burn. 
Liquid Residuals  E f f e c t s  - APS analyses  t o  d a t e  have considered only nominal,  
t rapped  l i q u i d  r e s i d u a l s .  This  i s  t h e  minimum q u a n t i t y ,  hence t h e  most conserva- 
t i v e  assumption from t h e  s tandpoin t  of subsystem weight d e f i n i t i o n .  A t  main 
engine shutdown, approximately 3200 l b  of l i q u i d s  w i l l  be  t rapped .  Based on 
e x t r a p o l a t i o n  of Sa turn  S-IVB d a t a ,  vapor i za t ion  r a t e s  have been f o r e e a s t ,  These, 
coupled wi th  APS mission p r o f i l e s ,  i n d i c a t e  t h a t  only 610 l b  ( o r  1 9  percent)  
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this cauld a c t u a l l y  b e  used by the  WPS (without modi f ica t ion  of main engine tanks) .  
' ~ J O  a d d i t i o n a l  a spec t s  n o t  f u l l y  covered by APS s t u d i e s  should be considered: 
(11 e c n t r o l  of vapor i za t ion  t o  make more l i q u i d  a v a i l a b l e  t o  t h e  APS ( r e s u l t i n g  i n  
a very large p o t e n t i a l  weight s a v i n g s ) ,  and (2) t h e  f a c t  t h a t  s i n c e  o r b i t e r  engines 
w i l l  be  shutdown on a  v e l o c i t y  command, r a t h e r  than upon p rope l l an t  dep le t ion ,  much 
more Liquid could be onboard a t  shutdown. 
Regarding c o n t r o l  of vapor i za t ion ,  ex t r apo la t ed  S-IVB d a t a  i d e n t i f y  an equiva- 
l en t  l i q u i d  p o s i t i o n  o r  wet ted wa l l  a r ea .  Based on t h i s  a r e a ,  vapor i za t ion  r a t e s  
are c a l c u l a t e d  f o r  p a r t i c u l a r  v e h i c l e l t a n k  i n t e r f a c e  and mission c h a r a c t e r i s t i c s .  
L i q u i Z  p o s i t i o n  i s  of primary importance t o  t h e  ana lyses  but  because of t h e  low 
g r a v i t y  environment, and mul t i ax i s  con t ro l  a c c e l e r a t i o n s ,  i t  i s  very  d i f f i c u l t  t o  
definle, The cu r ren t  method of us ing  ex t r apo la t ed  S-IVB d a t a  i s  not  an adequate 
base for subsystem design.  
Secondly, s i n c e  wetted wa l l  a r ea  i s  of predominant importance, knowledge of 
t h e  amount of  r e s i d u a l  l i q u i d  i s  a  key f a c t o r .  A s  p rev ious ly  s t a t e d ,  t h i s  i n fo r -  
mation w i l l  no t  be known wi th  accuracy f o r  t h e  o r b i t e r .  
Tko approaches t o  r e s o l u t i o n  of t h e s e  f a c t o r s  a r e  poss ib l e :  (1) c o n t r o l  of 
Liquid guax~t:ity and/or  contac t  a r e a ,  and (2) knowledge of l i q u i d  p o s i t i o n  and 
e f f e c t s  i ~ f  c o n t r o l  a c c e l e r a t i o n s  on p o s i t i o n .  The former approach was e l e c t e d  
for the o r b i t e r  and t h e  l a t t e r  f o r  t h e  boos ter .  Addit ional  e f f o r t  i s  requi red  t o  
de f ine  r e s i d u a l  containment con t ro l  requirements ( o r b i t e r )  and f l u i d  dynamic 
effects (boos ter )  . 
4ixing Analysis  - During each major APS burn,  p rope l l an t  i s  e x t r a c t e d  
from the main engine tank  and s imultaneously resuppl ied  a t  t h e  same r a t e .  The 
temperature sf prope l l an t  e x t r a c t e d  de f ines  tank  p re s su re  decay r a t e s  and t h e  
perceaEzge of l i l u i d  suppl ied  i n  t h e  mixing assembly. When t h e  temperature of gas 
being removed from t h e  boos ter  tank i s  h igh ,  a  l a r g e  quan t i t y  of l i q u i d  can be 
used f o r  a prescr ibed  impulse demand. Thus, s i n c e  t h e  p rope l l an t  i s  resuppl ied  a t  
a rate equal t o  e x t r a c t i o n  r a t e ,  temperature of t h e  gas being e x t r a c t e d  a l s o  
def ines  7as s ive  h e a t  exchanger flow r a t e  and amount of tank  w a l l  cool ing  which w i l l  
occur during burn. Current ana lyses  assume t h a t  gas i s  e x t r a c t e d  from a t ank  whose 
contencs  are always a t  a  homogeneous temperature.  Addit ional  s t u d i e s ,  descr ibed  
i n  Appendix B, i n d i c a t e  t h a t  thermal s t r a t i f i c a t i o n  and withdrawal of cool  vapors  
i s  desirable. Thus, t h e  resupply vapors  should be added t o  t h e  main engine tank  
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without  s i g n i f i c a n t  mixing. However, t h e r e  a r e  n e i t h e r  s u f f i c i e n t  d a t a  nor  valid 
a n a l y t i c a l  techniques t o  e s t a b l i s h  wi th  confidence t h e  inject ion-mixing-extract ion 
c h a r a c t e r i s t i c s  wi th in  t h e  main engine tank.  To develop an understanding o f  pro- 
ces ses  w i th in  t h e  tank ,  a  means of flow-mixing v i s u a l i z a t i o n  i s  r equ i r ed ,  Scaling 
laws which would al low s imula t ion  of t h e s e  a f f e c t s  i n  an e a r t h  g rav i ty  environment 
should be developed t o  provide t h i s  comprehension. 
Heat Transfer  Analysis  - Basic APS f l e x i b i l i t y  is  con t ro l l ed  by main engine 
tank hea t  t r a n s f e r  c h a r a c t e r i s t i c s .  Af te r  a  major APS ope ra t ion ,  tank  w a l l s  are 
c h i l l e d  and t h e  tank  i s  f i l l e d  wi th  r e l a t i v e l y  cool  vapor.  Radiative and co-aduc- 
t i v e  h e a t  t r a n s f e r  from t h e  v e h i c l e  s t r u c t u r e  govern assembly recovery time, Part 
of t h e  h e a t  t r a n s f e r r e d  t o  t h e  tank  goes i n t o  r a i s i n g  tank  w a l l  temperature,  w h i t e  
t h e  remainder i s  given up t o  t h e  vapor.  The model used i n  t h i s  s tudy i s  described 
i n  Appendix B.  Two f e a t u r e s  of t h i s  model a r e  important t o  APS performance: 
(1) i t  de f ines  design of t h e  hea t  exchanger, and (2)  i t  de f ines  thermal stratifi- 
ca t ion  c h a r a c t e r i s t i c s  p r i o r  t o  t h e  next  major APS opera t ion .  
Regarding t h e  f i r s t ,  t h e  t o t a l  h e a t  absorbed by t h e  tanklgas  system i s  no t  
s t rong ly  e f f e c t e d  by i n t e r n a l  tank  t o  gas hea t  t r a n s f e r .  However, i f  - rates are 
not  known, t h e  balance of h e a t  a d d i t i o n  w i l l  n o t  be  known and t h e  design w i i L  have 
t o  be ove r ly  conserva t ive  t o  accommodate u n c e r t a i n t i e s ,  S t a t ed  another  way, t h e  
hea t  exchanger w i l l  have t o  be over-sized f o r  t h e  lowest  tank  temperature,  while 
prope l l an t  supply and d i s t r i b u t i o n  w i l l  have t o  be over-sized f o r  lowest gas 
temperature and p re s su re  i n  t h e  tank.  I n  t h e  extreme case  of near  zero heac 
t r a n s f e r  (gas h ighly  s t r a t i f i e d )  t h i s  could r e s u l t  i n  a 400 l b  i nc rease  i n  AFS 
weight. 
I n  regard t o  t h e r m a l / s t r a t i f i c a t i o n ,  i t  i s  necessary  t o  cons ider  the cendition 
of t h e  gas t h a t  w i l l  be  e x t r a c t e d  dur ing  t h e  next  major APS ope ra t ion ,  Under 
condi t ions  of low a c c e l e r a t i o n ,  thermal s t r a t i f i c a t i o n  w i l l  occur  i n  the tank, In 
gene ra l ,  t h i s  can be expected t o  r e s u l t  i n  a  cool  p rope l l an t  co re  i n  the ~ank 
c e n t e r  and warmer p rope l l an t  next  t o  t h e  tank  wa l l s .  Three dimensiona!b effects, 
and tank  temperature v a r i a t i o n s ,  w i l l ,  of course,  e f f e c t  t h e s e  g rad ien t s  (as will 
c o n t r o l  moments). The degree of s t r a t i f i c a t i o n  w i l l  a l s o  have a  s t r o n g  impact on 
hea t  t r a n s f e r  c h a r a c t e r i s t i c s .  A means of s imula t ing  t h i s  phenomenon in an earth 
environment i s  needed t o  guide h e a t  t r a n s f e r  a n a l y s i s  and t o  e s t a b l i s h  i n i t i a l  
condi t ions  f o r  l a r g e  p rope l l an t  e x t r a c t i o n s .  
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8 3 Liquid/Vapor Mixer Technology - A s  c u r r e n t l y  conceived, t h e  l i qu id /vapor  
mixer assembly c o n s i s t s  of two independent con t ro l s :  (1) p re s su re  r e g u l a t o r ,  and 
(29 liquid flow con t ro l .  I n  add i t i on ,  t h e r e  is  t h e  in jec t ion /mixing  chamber 
i t s e l f ,  !dl of t h e s e  a r e  r e l a t i v e l y  simple i n  concept,  but  r e q u i r e  technology 
e x t e ~ s i o n s  f o r  low p res su re  APS app l i ca t ion .  
The p res su re  r e g u l a t o r  i s  fundamentally an iris (or  camera s h u t t e r )  design 
w i t h  a mot13r d r i v e  t o  con t ro l  ape r tu re  diameter.  Devices such a s  t h i s  have been 
used i n  o the r  app l i ca t ions  where response requirements were much lower. Designs 
which w i l l  provide a  long l i f e  and f a s t  response must be developed. 
The l i q u i d  flow con t ro l  i s  a  t h r o t t l e  va lve ,  a l s o  motor dr iven ,  and i t s  
response must be of t h e  same o rde r  a s  t h a t  of t h e  pressure  r e g u l a t o r .  Again, whi le  
no component i s  cu r ren t ly  a v a i l a b l e ,  s i m i l a r  c o n t r o l s  have been used and no s i g n i -  
ficant or long-lead development a c t i v i t y  i s  considered e s s e n t i a l .  
Controls f o r  both pressure  r e g u l a t o r  and t h r o t t l e  va lve  a r e  s i m i l a r .  Each 
will be dr iven  t o  provide a  p re se l ec t ed  measurement and, f o r  s t a b i l i t y ,  va lve  
pos ic ion  r a t e  damping w i l l  be  provided by d e f i n i t i o n  of t he  number of engines 
f i r i v g ,  For t h e  r e g u l a t o r ,  p r e s su re  t ransducers  of s u f f i c i e n t  accuracy can be 
r e a d f l y  developed. For t h e  l i q u i d  c o n t r o l ,  measurement of temperature i s  requi red .  
Alternate t ransducing methods (such a s  r e s i s t a n c e  thermometers o r  thermocouple 
piles) should be i n v e s t i g a t e d  f u r t h e r ,  t o  de f ine  achievable accuracy and r e l i a -  
bility, 
Prel iminary ana lyses  of t h e  in j ec to r lmixe r  have shown t h a t  t h e  0 vapor/ 2 
P i q u i d  mixer i s  t h e  more c r i t i c a l .  This  i s  t r u e  p r imar i ly  because oxygen sa tu ra -  
t i o n  temperature i s  much c lose r  t o  vapor temperature,  and hence has a  much lower 
dr ivEng temperature f o r  vapor i za t ion  than hydrogen. Also, t h e s e  pre l iminary  
ana lyses  have shown t h a t  very f i n e  spray i n j e c t i o n  techniques w i l l  be  requi red  
t o  achieve reasonable mixing/vaporizat ion l eng ths .  The ana lyses  have been per- 
formed using techniques which, whi le  v a l i d  a t  h igh  gas / l i qu id  temperature 
differences, have no t  been v e r i f i e d  a t  t h e  low temperature d i f f e r e n c e s  of concern. 
Therefore,  e a r l y  t e s t i n g  of t h e  oxygen mixer should be undertaken t o  a s c e r t a i n  
i n j e c t o r  performance and mixing l eng ths ,  and t o  v e r i f y  a n a l y t i c a l  techniques.  
Subsequent t o  development of b a s i c  i n j ec to r /mixe r  parametr ic  performance 
data, a breadboard assembly coupling r e g u l a t o r ,  t h r o t t l e  va lve  and c o n t r o l s  shoul  
be assembled and t e s t e d  t o  confirm s t a b i l i t y ,  e s t a b l i s h  response and accuracy,  an 
d e f i n e  assembly i n t e r f a c e  c h a r a c t e r i s t i c s .  This  mockup should g ive  p a r t i c u l a r  
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a t t e n t i o n  t o  l i q u i d  supply l i n e  and assembly mounting t o  determine e f f e c t  sf vapor 
formation i n  t h e  l i q u i d  l i n e  ahead of t h e  i n j e c t o r .  
8.4  Enpine Technology - Engine assemblies  f o r  low p res su re  A Y S  were m e  of 
t h e  most obvious concerns when t h e  concept was i n i t i a l l y  i d e n t i f i e d .  For this 
reason,  explora tory  development programs on both engines and t h e i r  p r c p e l l a n t  
va lves  were i n i t i a t e d  by t h e  NASA. To d a t e  t hese  programs, and t h e  work of  severa* 
propuls ion  companies, have shown t h a t  performance goa l s ,  cool ing ,  and i g n i t i o n  can 
be accomplished. Fur ther  t e s t  and design e f f o r t  on t h e  engines should stress 
c e r t a i n  subsystem aspec t s  t h a t  have been i d e n t i f i e d  by APS conceptual deffi; i t ion 
s t u d i e s .  S p e c i f i c a l l y ,  t h e s e  inc lude :  
(a)  Minimum weight - due t h e  low p res su re  under cons idera t ion  and relatively 
high t h r u s t  l e v e l s ,  engines a r e  l a r g e  and c o n s t i t u t e  a  s i g n i f i c a n t  
f r a c t i o n  of APS i n e r t  weight.  Designs should s t r e s s  l i g h t  w e i g h t  
m a t e r i a l s  and f a b r i c a t i o n  techniques f o r  b i m e t a l l i c  cons t ruc t ion ,  
(b) Low temperature p r o p e l l a n t s  - Temperature of p r o p e l l a n t s  acceptable for 
engine opera t ion  i s  a  key APS design c o n s t r a i n t .  S i g n i f i c a n t  APS weight 
savings  can be  r e a l i z e d  by reducing p rope l l an t  i n l e t  temperature require- 
ments. Based on c u r r e n t  subsystem analyses ,  t h e  l i m i t i n g  f a c t o r  in this 
is  hydrogen and oxygen temperatures  requi red  t o  prevent  0 condensation 2 
ahead of i n j e c t o r s .  Prel iminary ana lyses  of t h i s  thermal interclrange 
have been performed, bu t  have no t  been demonstrated. Low p res su re  engine 
des igns  should,  i n  t h e  f u t u r e ,  stress a b i l i t y  t o  ope ra t e  s t eady- s t a t e  
wi th  p rope l l an t  i n l e t  temperatures  a s  low a s  poss ib l e .  
(c )  S e n s i t i v i t y  of i n l e t  condi t ions  - Current APS design w i l l  c l o s e l y  control 
prope l l an t  i n l e t  condi t ions  durfng any s i g n i f i c a n t  BPS activity, Under 
t h e s e  condi t ions ,  vapor temperatures  w i l l  be  a t  t h e i r  lowest values and 
pres su re  w i l l  be  cons tan t .  However, dur ing  low usage c o n t r c l  operations, 
both temperature and p re s su re  a t  t h e  engine i n l e t  w i l l  vary over w i d e  
ranges.  Since burn du ra t ions  w i l l  be  s h o r t ,  and performance i s  got 
c r i t i c a l  dur ing  t h e s e  pe r iods ,  no p a r t i c u l a r  problem i s  a n t i c i p a t e d ,  
However, engine design and cool ing  margins must be s u f f i c i e n t l y  51exibJ-e 
t o  accommodate t h e s e  i n l e t  v a r i a t i o n s .  
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9. SUBSYSTEM RELIABILITY 
 men t s The APS has  been designed t o  s a t i s f y  f a i l  o p e r a t i o n a l / f a i l  s a f e  r e q l ~ i r "  
a s  s p e c i f i e d  i n  t h e  SSWRD. The b a s e l i n e  s h u t t l e  low p res su re  A P S ,  a s  d e s c r i b e d  
i n  t h i s  r e p o r t ,  r e t a i n s  a 'basic s i m p l i c i t y  which w i l l  enhance t h e  attainment cf 6 
high  l e v e l  of ope ra t iona l  r e l i a b i l i t y  and s a f e t y .  A r e l i a b i l i t y  eva lua t ion  vas  
conducted t o  ensure  t h a t  t h e  subsystem con ta ins  s u f f i c i e n t  redundancy t o  m e e t  
t h i s  requirement,  and t o  provide a  nune r i ca l  e s t ima te  of ope ra t iona l  subsystem 
r e l i a b i l i t y .  
Three b a s i c  r e l i a b i l i t y  t o o l s  employed i n  eva lua t ing  t h e  low p res su re  
b a s e l i n e  design have included f a i l u r e  mode and e f f e c t  a n a l y s i s ,  func t iona l  f l o w  
diagrams, and r e l i a b i l i t y  es t imates .  These ana lyses  a r e  presented  i n  Appendix C a  
Component f a i l u r e  r a t e s  used i n  de r iv ing  r e l i a b i l i t y  e s t ima te s  a r e  l i s t e d  in 
Figure 9-1 toge the r  wi th  component duty cyc l e s  and f a i l u r e  modes considered.  
Resul t s  of t h e  r e l i a b i l i t y  e s t ima te  a r e  l i s t e d  i n  Figure 9-2 f o r  each fanc- 
t i o n a l  group of components and f o r  both o r b i t e r  and boos ter  subsystems, LinitEng 
assumptions a r e  included i n  t h e  t a b l e .  Resul t s  i n d i c a t e  t h a t  t he  o r b i t e r  U S  
b a s e l i n e  ope ra t iona l  r e l i a b i l i t y  f o r  a  72 hour ea r th -o rb i t  mission w i l l  be 0,994 
with  f a i l - s a f e  r e l i a b i l i t y  exceeding 0.9999. The boos ter  AFS b a s e l i n e  shows an 
ope ra t iona l  r e l i a b i l i t y  of approximately 0.999 and a  f a i l - s a f e  r e l i a b i l i t y  greater 
than  0.9999999. 
R e l i a b i l i t y  e s t ima te s  f o r  both o r b i t e r  and boos t e r  APS subsystems a r e  see~si -  
t i v e  t o  change i n  engine f a i l u r e  r a t e .  This  occurs  because of t h e  r e l a t i v e l y  high 
number of f i r i n g  cyc le s  requi red  of each engine,  and from t h e  f a c t  that full t r i p l e  
redundancy of engines i s  not  provided. There i s  a  degree of conservat ism i n  the 
es t ima te  f o r  t h e  engines,  e s p e c i a l l y  i n  t h e  f a i l - s a f e  c a l c u l a t i o n s  because i t  was 
assumed t h a t  a  f a i l e d  open engine would be i s o l a t e d  and not  used aga in .  In 
r e a l i t y ,  a n  engine t h a t  i s  leaking  p rope l l an t  could be used t o  provide necessary 
t h r u s t  i n  an emergency. 
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ORBITER BQ@TER 
FUNCTIONAL GROUP OPERATIONAL FAIL SAFE OPERATIONAL FAIL SAFE 
LO2 STOMGE AND PRESSURIZATION 0.999950 0.W9937 - - 
LH2 STORAGE AND PRESSURIZATION 0.999997 0.99999999 - - 
PROPELLANT CONDITIONING - 02 - 
PROPELLANT CONDITIO#ING - H2 - 
0,9%9998 
ENGINE PNEUMTIC CONTROL 0 ,99339 
0,99%%97 
ASSUMPTIONS: 
(1) COMPONENT EXTERNAL LEAWGE CAM BE CQWTWOLLED BY PROPER SEAL DESIGN 
(2) SENSING AND SWITCHING RELIABILITY IS EQUAL TO 1.0. 
(3) STRUCTURAL RELIABILITY IS EQUAL TO 1.0. 
(4) W I N  mOPULSION SUBSYSTEM COMPONENTS USED BY TTH AUXILIARY PROPULSION 
SYSTEM WlLL NOT DEGRADE ABS OPERATION OR SAFETY. 
(5) THE NON-OPERATING FAILURE RATE FOR APS COMPONENTS WlLL NOT BE SIGNIFICAWT 
BPS RELIABILITY 
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10. SUMMARY AND CONCLUSIONS 
Subtask B cons i s t ed  of pre l iminary  des ign  of t h e  APS concept s e l e c t e d  during 
Subtask A. The study concentrated on two primary a r e a s ,  components and subassembly 
des igns ,  and subsystem performance and opt imiza t ion .  The f i r s t  r e s u l t e d  i n  de- 
f i n i t i o n  o f :  t h e  p rope l l an t  s t o r a g e  subassembly, hea t  exchanger mouinting, main 
engine tank p rope l l an t  a c q u i s i t i o n ,  feed  l i n e  s i z i n g  and rou t ing ,  i s o l a t i o n  v a l v e  
des ign  and engine t h r u s t  l e v e l ,  number of engines and i n s t a l l a t i o n  restrictions, 
Feed l i n e ,  i s o l a t i o n  va lve ,  and engine subassemblies were optimized t o  pro~iide 
minimum weight penal ty.  This  op t imiza t ion  involved a l t e r n a t e  engine Ioc&Lions and 
number of engines,  i s o l a t i o n  va lve  concept s e l e c t i o n ,  d e f i n i t i o n  of Line routing 
and t h e  number of i s o l a t i o n  va lves  requi red ,  and s i z i n g  opt imiza t ion  t o  define 
engine chamber p re s su re ,  and l i n e  and va lve  p re s su re  l o s ses .  The se~zond area of 
concent ra t ion ,  involving performance d e f i n i t i o n  and opt imiza t ion ,  resulted i n :  
d e f i n i t i o n  of hea t  exchanger and l i qu id /vaps r  mixer opera t ing  c h a r a c t e r i s t i c s ,  
d e f i n i t i o n  of main eagine  tank temperature and p re s su re  h i s t o r i e s ,  and ~ d e n t i f i c a -  
t i o n  of subsystem performance and p rope l l an t  requirements,  inc luding  the effect 
of main engine p rope l l an t  r e s idua l s .  
(a )  O r b i t e r  - Propel lan t  s t o r a g e  cons i s t ed  of i n s u l a t i o n ,  a c q u i s i t i o n ,  stor-  
age and p r e s s u r i z a t i o n  subassemblies.  The des ign  s e l e c t e d  used aluan.lnized mylar 
high  performance i n s u l a t i o n  (pro tec ted  by an  ou te r  f i b e r g l a s s  j acke t )  optimized 
f o r  minimum s t o r a g e  weights;  a  pass ive ,  s u r f a c e  t ens ion  a c q u i s i t i o n  conceDt con- 
s i s t i n g  of s e v e r a l  s c reen  covered channels arranged i n  l a y e r s ;  and an  active hydro- 
gen vent /cool ing  subsystem t o  i n t e r c e p t  t h e  incoming h e a t  f l u x .  Cold heli~m oxygen 
p r e s s u r i z a t i o n  was used, bu t  hydrogen p r e s s u r i z a t i o n  was b e s t  s a t i s f i e d  by using a 
tank sump mounted boost  pump wi th  helium p rep res su r i za t ion  t o  40 l b f / i n 2 a ,  
The tank mounted pas s ive  h e a t  exchanger was a t t ached  t o  t h e  tanlc r i b s  by rivet- 
ing.  The increased  r i b  s e c t i o n  modulus of t h i s  concept allowed a  reciuctian i n  
oxygen tank r i b  he igh t ,  thus  reducing h e a t  exchanger weight pena l ty .  Heat exchanger 
des ign  c h a r a c t e r i s t i c s ,  as w e l l  a s  t hose  of t h e  l i qu id lvapor  mixer, were d e f i n e d  
dur ing  performance eva lua t ion .  
O r b i t e r  APS mission requirements were met w i th  an engine arrangc3ment utilizi3g 
2 t h i r t y - t h r e e  1080 l b  t h r u s t  engines ope ra t ing  a t  a  chamber p re s su re  o f  L3,7 Ebf/i2 a, 
30-1 
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A duah mode s f  o p e r a t i o n ,  u s i n g  l i q u i d / v a p o r  mixing d u r i n g  major  maneuvers 
and simple blowdown d u r i n g  low usage  demonstrably  p r o v i d e s  improved performance 
and reduced techno4ogy requ i rements .  Optimum APS/OMS v e l o c i t y  a l l o c a t i o n  w a s  
defined, with the OMS prov id ing  t h e  few ( t h r e e  t o  f o u r )  l a r g e s t  b u r n s ,  w h i l e  t h e  
APS provides the remaining f u n c t i o n s .  T h i s  a l l o c a t i o n  p r o v i d e s  reduced weigh t  
pena l ty  without e x c e s s i v e  OMS requ i rements  i n  terms of number of starts and b u r n  
d u r a t i o n ,  Wieh this a l l o c a t i o n ,  t h e  APS was shown t o  p r o v i d e  h igh  performance 
throughout t h e  miss ions .  
The K?S d e s i g n  a s  d e f i n e d  d u r i n g  t h i s  s t u d y  p r o v i d e s  h i g h  performance and 
h r g h  reliability and s a t i s f i e s  a l l  of t h e  d e s i g n  o b j e c t i v e s .  I n c r e a s e d  technology 
r e a u i r m e n t s  were i d e n t i f i e d  on ly  w i t h  main eng ine  t a n k  thermodynamics and pro- 
p e l l a n t  storage and a c q u i s i t i o n .  No s i g n i f i c a n t  problems a r e  a n t i c i p a t e d ,  b u t  
a d d f t i o n a l  a n a l y t i c a l  and t e s t  r equ i rements  have been i d e n t i f i e d .  
(b) Booster - The b o o s t e r  APS r e q u i r e s  no s e p a r a t e  p r o p e l l a n t  s t o r a g e ,  s i n c e  
proaellanr r e s i d u a l s ,  t r apped  i n  t h e  main eng ine  t a n k s  f o l l o w i n g  b o o s t ,  a r e  s u f f i -  
cie-t t o  meet APS p r o p e l l a n t  demands. The b o o s t e r  APS o p e r a t e s  i n  a s imple  blow- 
down mcde and no a d d i t i o n a l  c o n t r o l  i s  r e q u i r e d .  Booster  APS m i s s i o n  requ i rements  
were met w i r h  an eng ine  arrangement  u t i l i z i n g  twenty 2500 l b  t h r u s t  eng ines  op- 
2  
erar ing a t  a chamber p r e s s u r e  of 11 l b f / i n  a .  
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APPENDIX A 
mRMAL EWIRONMENT DEFINITION 
A-1. INTRODUCTION 
A P S  performance depends strongly on thermal environment. Beat transfer to 
main engine tanks determines rate of residual liquid boiloff, performnee and 
response characteristics of tank mounted heat exchangers, as well as maim engine 
tank temperature and pressure histories during the mission. The following pasa- 
graphs describe the model used to evaluate main engine tank thermal envi-sonmen~ 
The effect of this environment on APS performance in terms of propellant. require- 
ments and tank pressure fluctuations is described in Appendix B 
The model used to calculate heat transfer to main engine tank is shorn in 
Figure A-1. It consists of an external skin; a radiation gap; a layer of Micro- 
Quartz; another radiation gap; the main engine tank wall; and, for the I.B2 tank, 
an internal layer of polyurethane foam insulation. To establish the thermal 
environments for APS operating analysis transient ascent and on-orbit temperatures 
were calculated, using appropriate ascent and orbital heating rates. Values shown 
for skin, Micro-Quartz, and tank properties corresponded to those obtained from 
MDAC Phase B study for mid-tank locations. 
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A-2. ORBITER ASCENT HUTING 
Typical LH tank side and bottom temperature histories during ascent are shown 2 
in Figure A-2, based on an initial tank wall temperature of 30Q0R. LO2 tank 
temperature histories are shown in Figure A-3. Comparison of LO tank wall h i s t o r y  2 
with LH2 tank wall history reveals the moderating effect of internal polyurethane 
insulation installed within the LA2 tank. The LO2 tank incurs substantial hearing 
from heated pressurant gases, and begins to increase in temperature, whereas LW2 
tank temperature is almost constant after propellant uncovers the internal tank 
wall. 
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8-3. ORBITER ON-ORBIT HEATING 
During orbit, difference in heat flux associated with different vehicle loca- 
tions and orbital trajectories leads to substantial variations in vehicle internal 
environment, As a simplification, the orbiter bottom is assumed always to face thc 
earzh for these analyses and a range of sun-earth-vehicle angles as illustrated in 
-? trgxre A-4 was considered. Envelopes of orbiter component environmental tempera- 
tures are presented in Figure A-5 for high and low beta angle orbits. For the low 
bera  angle case, three regions have been defined, corresponding to the temperature 
history expected (1) for the inner surface of the Micro-Quartz on the top of the 
vehicle, where oscillations are most severe, (2) at the side, where the heat flux 
is cc~xparatively low, and (3) on the bottom, where thick Micro-Quartz and relative1 
constant- heat flux from the earth maintain a nearly constant inner surface tempera- 
zure,  Depending upon their location, components are exposed to either an almost 
constant temperature (corresponding to side or bottom location) or temperature 
oscillations (similar to those of the top). 
FOB the high beta angle case, where a hot and cold vehicle side may be identi- 
fied, the environmental range shown corresponds to that expected for the first 
o r b i t  as well as for steady-state conditions. The first orbit upper limit is the 
temperature of the inner surface of the Micro-Quartz insulation on the hot side. 
Calculations of temperature histories for the elements of the model shown in 
Figure A - l  for the cold side, using only the cold side external heating rates, 
predict temperatures which are unrealistically low. A better estimate of the cold 
side envirca~r~ment has been obtained by assuming that the cold side is heated from 
the hct side via a radiation shield, e.g., the internal keel web. The first orbit 
lower limit environment temperature shown is the temperature of such an inter- 
madiate shield, except for a short period just after insertion. During this time, 
the vehicle is cooling from ascent heating and the inner surface of the cold side 
Micro-Quartz is used for the environmental temperature. The composite cold side 
curve should thus represent the nominal temperature level any component on that 
side will experience. 
The limits of the steady-state range are the Micro-Quartz inner surface 
temperatures for a steady-state one dimensional calculation, using appropriate 
exterxal heat fluxes and permitting radiation from hot to cold side. 
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Heat t r a n s f e r  c h a r a c t e r i s t i c s  a s soc i a t ed  wi th  tank mounted h e a t  excha-s~gers 
which a r e  bur ied  w i t h i n  t h e  v e h i c l e  s k i n  were evaluated.  F igures  A-6 and ,A-5 shob~ 
t y p i c a l  r e s u l t s .  F igure  A-6 i l l u s t r a t e s  t h e  tank s t r u c t u r a l  temperature along thk 
tube  l eng th  a t  va r ious  t imes during a  burn and shows t h e  va r i ance  i n  temperature 
experienced a t  t h e  end of a  burn. Using t h e s e  i n i . t i a l  cond i t i ons ,  recovery Zemper- 
a t u r e s  were evaluated f o r  r e p r e s e n t a t i v e  h e a t  f l uxes .  These r e s u l t s  a r e  shown i n  
F igure  A-7. A s  qhown t h e  temperature recovery of tank  mounted hea"i:exckrangers 
does no t  appear t o  be a  s i g n i f i c a n t  problem. 
BETA - 
ANGLE 
SUN 
SCHWATIC OF SUN-EATTH-Vr7HICI.X (RLTA ) AMSIE 
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FIGURE A-5 
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A-4. ORBITER REENTRY HEATING 
Orbiter reentry thermal histories are presented in Figure A-8 for t h e  inner 
insulation surface and for the tank wall at upper and lower side and at bottom 
locations. The difference in thermal histories for the various locations is 
occasioned by differences in local heating sates and variations in insulation time 
constants. Reentry analysis demonstrates slow tank and inner insulation surface 
cooling rate, even after reentry completion. This requires APS components to 
withstand reentry thermal environment for a much longer time than reentry a c t u a l l y  
takes. However, natural convection, not included in the analysis, would provide 
more rapid cooling than that shown. 
The increase in heat transfer rates to the main engine tank during reentry is 
of a particular interest in considering methods of maintaining tank pressure during 
A P S  usage. A conservative measure of this increase is provided by evaluating heat 
flux from the insulation surface to the tank during reentry. A mean value, weigh- 
ing bottom and side heating according to surface areas exposed, is given in Figure 
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A-5. BOOSTER ASCENT AM, REENTRY HEATING 
The ascent thermal environment experienced by the booster is similar to that 
o f  the o r b i t e r ,  However, the booster reentry heating is substantially less. The 
booster internal thermal environment was based on the effective internal environ- 
mental temperature, which was determined by the radiation average of the skin and 
zank temperatures. These estimates are shown in Figure A-10. 
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APPENDIX 3 
MAIN ENGINE TANK TE-IEP&IODYNsAMLCS 
B .1 INTRODUCTION 
Main engine tank thermodynamic processes are the most importaut csns~dkrac-3n 
n low pressure APS design. These processes have a direct bearing on the  
etermination of: 
(1) propellant storage requirements, due to the potential uti1izat;on of 
boost residual propellants 
(2) propellant distribution network and controls design, due to the i ~ ~ a c r  of 
main engine tank design pressures on available subsystem pressure b u u g e t ,  
and 
( 3 )  heat exchanger design, due to the utilization of main engine tank rieac 
capacity for conditioning of resupply propellants. 
All APS design and analyses were performed assuming the main engine tank -7apPr 
mass was uniformly mixed, This permitted evaluation of main engine tank pressure 
and temperature fluctuations with varying boundary conditions, applying the c;assi- 
a1 equations for conservation of energy and mass. It was recognized, hsvever,  
hat because of large tank sizes and low on-orbit vehicle accelerations, conp ere 
ixing of tank ullage vapor was unlikely. Therefore, additional studies were 
ndertaken to identify the potential impact of propellant vapor stratificatio? on 
PS design and the characteristics of different propellant resupply concepts \rere 
xplored. This appendix provides a description of the analytical approach used for 
valuation of main engine tank thermodynamics. Heat transfer considerations, 
ncluding potential effects of external environmental changes, and mass transfer, 
ncluding the rationale used to establish resupply and residual control m e t 1 l o d i ,  
re discussed. Additionally, the potential for and the effects of t h e r ~ l a l  s::s"L- 
ication on APS operation and the general mixing characteristics of a l t e r n a t e  
resupply/injection concepts are described. A brief description of the a r a l y s 2 s  
conducted to describe main engine tank thermodynamics, from the standpoi~t of both 
complete and incomplete mixing, and a discussion of the general influences of main 
engine tank thermodynamics on APS design are the subject of this appendix, 
B.2 Main Engine Tank Thermodynamics (Complete Mixing) - The thermo6ywami.e 
state of propellant fluids within the main engine tanks is of fundamental importance 
to the low pressure APS. In general, this is an open, unsteady system as shocn by 
the illustration of Figure B-1. Pressure and temperature changes during a given 
time interval are a function of initial fluid mass and thermodynamic state, and  he 
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difference between energy entering (i.e., resupply propellant flow and heating rate) 
and energy leaving (i.e., total engine flow) the system. System temperature c h a ~ g e  
was calculated applying energy conservation, assuming a homogeneous propellant 
vapor mass. Using this temperature change and the conservation of nlsss, system 
pressure change was computed. Performing calculations in this manner, maEn engine 
tank pressure and temperature profiles were determined during APS operation, 
The boundary conditions associated with the main engine tank tbiermodynanrfc 
system were categorized as: 
(I) heat transfer including heat transfer to the tank walls and from the  walls 
to the vapor, and 
(2) mass transfer, including main engine tank resupply and engine flow, 
residual liquid propellant boil-off, and tank venting. 
Definition of these boundary conditions and discussion of their impact an A-IS design 
are provided in the following paragraphs. 
B2.1 Neat Transfer - The general model employed for evaluating main engine 
tank heat transfer rates is illustrated in Figure B-2. Heat is transferred from 
the surrounding insulation (at temperature T ) to the tank wall and heat exchanger 
0 
tubing by radiation, and from the tank waIl/tubing to heat exchanger f l u f d s  by  
forced convection. Heat is transferred between the tank wall and i~~ker~aL propel-. 
lant vapor by the mechanisms of natural convection and/or conductiom. Natu ra l  
convection prevails when vehicle control accelerations cause the co~~vective heat 
transfer coefficient to be greater than the conductive coefficient. Converseiy, 
when vehicle control accelerations are very low, heat transfer between. the tank 
wall and propellant vapor is by conduction, only. A parametric comparison sf h e a ~  
transfer rates by convection and conduction is shown in Figure B-3 for the orbiter 
main engine oxygen tank. 
The heating rate mechanisms described above impact APS design by t h ~ i r  effect 
on main engine tank pressure and resupply propellant requirements. If: tank-to- 
vapor heating is reduced (i.e., by decreasing the surrounding environmenLal 
temperature, T ) main engine tank pressure decreases during APS operation, Unless 
0 
engine feedline diameter is increased to compensate for the reduced pressure-budget, 
engine flowrate (thrust level) will decay during critical events. An example of 
this is shown in Figure B-4. Here the critical event occurs at approximately 26 hrs 
into the mission. Two external temperatures are shown and the increased pressure 
decay with reduced heating is pronounced. Vapor temperature in the tank is also 
lowered and less liquid is utilized in the downstream liquid/vapor mixer, 
3-3 
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Consequent ly ,  vapor  r e s u p p l y  t o  t h e  main eng ine  t a n k  i n c r e a s e s  ( i n s e t ,  F i g u r 5  B-41, 
Conversely ,  however, h i g h  tank-to-vapor h e a t i n g  r a t e s  r e s u l t  in s i g n f f i c a c t  tTe9t ing 
and consequen t ly  g r e a t e r  o v e r a l l  r e s u p p l y  p r o p e l l a n t  demands, The net rffeci: af  
lower t a n k  h e a t i n g  is  a reduced t o t a l  r esupp ly  p r o p e l l a n t  requirement  drse r e  a re- 
d u c t i o n  i n  p r o p e l l a n t  v e n t  l o s s e s  f o r  t h e  t o t a l  miss ion .  T h i s  effect rs 11'-lsrrarec 
i n  t h e  example o f  F i g u r e  B-5. 
B2.2 Mass T r a n s f e r  - P r o p e l l a n t  f low i n t o  and o u t  of t h e  main e a g j - ~ e  CdnK 
vapor  sys tem h a s  a d i r e c t  b e a r i n g  on p r o p e l l a n t  f e e d  p r e s s u r e  and resu;;-y pro?c l -  
l a n t  demands. P r o p e l l a n t  mass is  t r a n s f e r r e d  a c r o s s  t h e  sys tem boundaxy by 2nsine 
f low,  r e s u p p l y  f low,  r e s i d u a l  l i q u i d  b o i l - o f f ,  and v e n t i n g .  
Resupply/Engine P r o p e l l a n t  Flow - I f  eng ine  p r o p e l l a n t  f low d e m a a c ~  are hrgh, 
main e n g i n e  t a n k  p r e s s u r e s  could  decay t o  unaccep tab le  l e v e l s  f o r  c o n t r c l  c f  e -~gLne  
t h r u s t .  To p r e c l u d e  t h i s  e f f e c t ,  energy i s  added t o  t h e  main eng ine  t a r k s  i~ the 
form of r e s u p p l y  p r o p e l l a n t  f low.  The r e s u p p l y  p r o p e l l a n t  energy l e v e l  i s  a 
f u n c t i o n  of b o t h  mass f l o w  r a t e  and e n t h a l p y  ( t e m p e r a t u r e ) .  An example of h-h 
t h e s e  pa ramete rs  a f f e c t  main e n g i n e  t a n k  vapor p r e s s u r e  and t empera tu re  i s  s own ,n 
F i g u r e  B-6. I n  t h i s  example r e s u p p l y  p r o p e l l a n t  t empera tu re  i s  p l o t t e d  as a 
f u n c t i o n  of t h e  r a t i o  of r e s u p p l y  t o  eng ine  f low r a t e .  Shown a r e  r e s u p p l y  carci- 
t i o n s  r e q u i r e d  t o :  (1) m a i n t a i n  a c o n s t a n t  t a n k  vapor  p r e s s u r e ;  and ( 2 )  maiAl ta in  
a c o n s t a n t  t a n k  vapor  t empera tu re .  The curves  f o r  c o n s t a n t  p r e s s u r e  and temcera- 
t u r e  c o i n c i d e  a t  a  r e s u p p l y  t o  eng ine  f low r a t i o  of u n i t y  and a  r e s u p p l y  pz-opellari t  
t empera tu re  e q u a l  t o  t h e  i n i t i a l  t a n k  vapor  t empera tu re .  A t  h i g h e r  r e s u p p l y  
t e m p e r a t u r e s ,  t h e r e  is  a n  i n c r e a s e  i n  b o t h  vapor  p r e s s u r e  and t e m p e r a t u r e ,  
f ; ~ ~ ~ -  
v e r s e l y ,  a t  lower r e s u p p l y  t e m p e r a t u r e s ,  t a n k  vapor  p r e s s u r e s  and t e m p e r s t L ~ - - s  
d e c r e a s e .  S t u d i e s  p r e s e n t e d  i n  Reference (a) e s t a b l i s h e d  t h a t  a iesupc 'y  t? engenc 
mass f low r a t i o  of u n i t y  was optimum, s i n c e  i t  minimized t o t a l  p r o p e l l z r t  :se-gke, 
The remaining problem, t h e n ,  was t o  e s t a b l i s h  resupp ly  p r o p e l l a n t  t enpe ra t t r~>s  f o r  
t h e  c r i t i c a l  m i s s i o n  e v e n t s  t o  meet minimum r e q u i r e d  eng ine  t h r u s t  levels, "-:s 
r e s u l t ,  i n  t u r n ,  e s t a b l i s h e d  t h e  r e q u i r e d  h e a t  exchanger s i z e  ( f low and s i l c f ~ c e  
a r e a s )  . 
Two s w i t c h i n g  t e c h n i q u e s  were  i n v e s t i g a t e d  f o r  i n i t i a t i n g  r e s u p p l y  of t . e  i.iarn 
e n g i n e  t a n k s :  
(1) a s imple  p r e s s u r e  s e n s i n g  t e c h n i q u e ;  and 
(2) a vapor  m a s s  s e n s i n g  scheme. 
I n  t h e  f i r s t  approach main eng ine  t a n k  p r e s s u r e  was a l lowed t o  decay during -aneu- 
2 
v e r  b u r n s  o r  l i m i t  c y c l e  o p e r a t i o n  u n t i l  a p r e s s u r e  of 24 l b l i n  a  was a t t a i n e d ,  At 
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t h i s  p o i n t  reslippl'y. p r o p e l l a n t  f low was i n i t i a t e d  i n  response  t o  an  e l e c t r i c a l  s i g -  
nal frorn a p r e s s u r e  s w i t c h ,  T h i s  supp ly  f low was main ta ined  u n t i l  complet ion of 
2  
t h e  event or until t a n k  p r e s s u r e  was i n c r e a s e d  t o  25 l b / i n  a. I n  t h e  second 
approach, m a j r  eng ine  t a n k  r e s u p p l y  was i n i t i a t e d  i n  r e s p o n s e  t o  a  p r e s c r i b e d  r a t i o  
of  p r e s s u r e  and tempera tu re .  T h i s  was e q u i v a l e n t  t o  i n i t i a t i n g  r e s u p p l y  a f t e r  t a n k  
vapor nass had decsyed t o  a p r e s c r i b e d  v a l u e ,  A  pressure/ ' temperature  r a t i o  of 
2 
.0565 636 l b i i n  a t ank  v e n t  pressure/530°R t a n k  e x t e r n a l  environment t empera tu re )  
~ras  employed, Unl ike  t h e  i i rs t  approach,  which was based on r e s u p p l y  on ly  d u r i n g  
-QS usage,  main eng ine  oank r e s u p p l y  was allowed d u r i n g  i d l e  p e r i o d s  as w e l l  a s  
duri:lg maneuver b a n s  and l i m i t  c y c l e  p e r i o d s .  Comparison of m i s s i o n  p r e s s u r e  and 
resupply propellant h i s t o r i e s  f o r  t h e  two s w i t c h i n g  approaches  i s  shown i n  F i g u r e  
B-7,  A s  seeE frorn t h i s  comparison,  t o t a l  p r o p e l l a n t  r e s u p p l y  requ i rements  were 
r e d t c e d  by 137 Lbs u s i n g  t h e  P/T s w i t c h i n g  t echn ique .  Because of t h i s  p r o p e l l a n t  
w e i g h t  s a v i n g s ,  t h e  P/T s w i t c h i n g  t e c h n i q u e  was s e l e c t e d  f o r  i n i t i a t i o n  of main 
e n g i n e  tank r e s u p p l y ,  
i d  Boi l -off  and Venting - At t h e  t i m e  of  o r b i t e r  main e n g i n e  
shutdown, t h e r e  a r e  s i g n i f i c a n t  q u a n t i t i e s  of oxygen and hydrogen l i q u i d  r e s i d u a l s  
rernalning ic the o r b i t e r  and b o o s t e r  main e n g i n e  t a n k s .  These r e s i d u a l  p r o p e l l a n t s  
sse assessed e r t t r e l y  a g a i n s t  t h e  main p r o p u l s i o n  subsystem, and,  i f  a  p o r t i o n  of 
these p r o p e l l s n t s  can b e  u t i l i z e d  by t h e  APS t o  s a t i s f y  impulse  r e q u i r e m e n t s ,  APS 
weight can be reduced ,  De te rmina t ion  of t h e  amount of r e s i d u a l s  t h a t  can b e  
rrec!zted t3 :ce APS r e q u i r e s  a n  a n a l y s i s  coup l ing  t h e  e f f e c t s  of h e a t  t r a n s f e r  i n t o  
the naiz engine t a n k s ,  r e s i d u a l  l i q u i d  v a p o r i z a t i o n ,  and A P S  usage.  The g r e a t e s t  
t n c e r t d i n t y  ;z chns a n a l y s i s  i s  t h e  h e a t  t r a n s f e r  and v a p o r i z a t i o n  r a t e s  a s s o c i a t e d  
w i t h  t ank  r e s i d u a l  l i q u i d s .  A model, developed t o  p r e d i c t  r e s i d u a l  l i q u i d  h e a t i n g  
and cor respend ing  v a p o r i z a t i o n  r a t e s  i s  d i s c u s s e d  i n  Appendix C of Referezace ( a ) .  
C o r r e c t i o n s  :a this model were made d u r i n g  Subtask B s t u d i e s  t o  account  f o r  f l a s h  
k o i l f n g  w h i c h  Gccurs whenever t h e  u l l a g e  p r e s s u r e  d rops  below t h e  r e s i d u a l  l i q u i d  
s a t b r a t i o n  p l e s s u r e .  I n  o r d e r  t o  account  f o r  t h i s  e f f e c t ,  t h e  model i l l u s t r a t e d  i n  
,he 9-3 diagram. o f  F i g u r e  3-8 was employed. As shown, s a t u r a t e d  l i q u i d  i s  assumed 
s4t p o i n t  (I), A s  t a n k  p r e s s u r e  decays  t o  p o i n t  (2)  t h e  r e s i d u a l  f l u i d  q u a l i t y  i s  
Pnczeased E r o n  z e r o  t o  a  v a l u e ,  x .  The new q u a l i t y  i s  r e a d i l y  c a l c u l a t e d  from a  
know-edgo of s a t u r a t e d  e n t r o p i e s  a t  p r e s s u r e s  cor responding  t o  p o i n t s  (1) and ( 2 ) -  
Saturated vapor t h e n  f l a s h e s  o f f  t h e  r e s i d u a l  f l u i d  and mixes w i t h  t h e  warmer 
 illa age vapor, r e t u r n i n g  t h e  l i q u i d  t o  a s a t u r a t e d  s t a t e  a t  p o i n t  ( 3 ) .  Simulated 
AFS mission C u t y  c y c l e s  were conducted f o r  b o t h  t h e  b o o s t e r  and o r b i t e r  u s i n g  t h i s  
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flash-boiling model and the results are shown in Figure B-9 and B-10,  respectively, 
Most importantly, it is seen that total booster impulse requirements can be sacis-  
fied entirely using residual propellants contained in the main engfne tanks follow- 
ing boost. For the orbiter, however, only 19 percent of residual liquids coald be 
utilized by the APS for the main engine tank configuration specified in :he Space 
Shuttle Vehicle Description and Requirements Document (SSVDRD), This relatively 
poor residual liquid utilization resulted from high vaporization rates which caused 
most of the liquid boil-off to be vented before major vehicle velocity changes were 
performed. 
Since liquid oxygen constituted the greatest residual mass, alternate schemes 
were considered for obtaining better utilization of oxygen residuals. 'Che preferred 
approach is illustrated in Figure B-11, It employs a separate compartment between 
bulkheads in the main engine oxygen tanks. Liquid oxygen residuals would be trapped 
in this compartment following boost. Subsequent environmental heating of the 
residual oxygen causes a more rapid pressure rise in the compartmented tank than 
main engine tank due to the larger ratios of wetted tank area-to-propellant mss, 
2 When a pressure differential of 4 lb/in (maximum bulkhead pressure differeritial) 
is attained, a relief valve between the main oxygen and compartmented tank or 'ens 
and allows flow between the tanks until the pressures equalize. In this manner, 
passive control is exercised over liquid oxygen boil-off, and as a result greater 
utilization of residual oxygen is achieved. This is illustrated by the exampte of 
Figure B-12, which compares mission main engine and compartmented tank pressbre 
profiles and tabulates residual liquid oxygen utilization. As seen, an additional 
1064 lbs of residual oxygen is used by the MS. Based on this substantxal welight 
advantage, the compartmented 0 tank was selected as a baseline design f'or thz  2 
orbiter APS. 
B-3 Non-Homogeneous Heating/Mixing - Investigations were conducted to aoter- 
mine the potential deviation in main engine tank temperature from a homogeneoJs 
model during orbiter mission phases, and to determine corresponding effects 02 U S  
design. Studies of orbiter mission phases determined that substantial vapor 
stratification can occur in the main engine tanks and that the type and location of 
main tank injection/extraction ports can have a significant effect on tank pressure 
variation a,nd APS propellant requirements. These effects are discussed I-n the 
following paragraphs. 
Propellant Vapor Stratification - The potential for main engine tank propellant 
vapor stratification was evaluated using the model shown in Figure B-13,, The 
B-13 
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micro-quar tz  +nslj . lat ion t h i c k n e s s  i s  t y p i c a l  of a  l o c a t i o n  on  t h e  s i d e  of t h e  
orbiter and t h e  'rear. f l u x  was s e l e c t e d  t o  p r o v i d e  a n  e q u i l i b r i u m  r a d i a t i o n  tempera- 
ture of 500°R, The g a s  model c o n s i s t s  of 11 r a d i a l  nodes w i t h  a n  i n i t i a l  uniform 
d e n s i t y  cor responding  t o  a p r e s s u r e  of 18.5  p s i a  and a  s p e c i f i e d  t empera tu re .  S t e p  
t empera tu re  changes between t h e  t a n k  w a l l  and vapors  were  assumed, t y p i f y i n g  t h e  
non-ecjuilibri-urn ceonditions which can e x i s t  f o l l o w i n g  a n  APS maneuver. 
T e q p e r a t u r e  p r o f i l e s  from t h e s e  a n a l y s e s  are shown i n  F i g u r e  B-14 f o r  t h e  
hydrogen and oxygen t a n k s ,  r e s p e c t i v e l y .  S u b s t a n t i a l  h e a t i n g  of t h e  vapor  n e a r  t h e  
w a l l  o c c u r s  a lmost  immediately due t o  t h e  i n t e r n a l  energy (mass and h e a t  c a p a c i t y )  
of  the tank wall, The oxygen vapor  t empera tu re  g r a d i e n t s  a r e  s u b s t a n t i a l l y  l a r g e r  
and decay more slowly t h a n  t h e  hydrogen. T h i s  i s  caused by t h e  low oxygen the rmal  
c o n l u c t i v i t y ,  With i n c r e a s i n g  t i m e ,  t empera tu res  and p r e s s u r e s  a s y m p o t i c a l l y  
approach e q u i i i b s i u m  v a l u e s .  These r e s u l t s  do n o t  account  f o r  l o c a l  h e a t  s o u r c e s ,  
s i n k s  nor natural c o n v e c t i o n  e s t a b l i s h e d  d u r i n g  t h e  b u r n  b u t  a r e  b e l i e v e d  t o  b e  
falrly r e p ~ r e s e n t a t i v e  of t h e  non-uniform c o n d i t i o n s  t o  which t h e  APS must o p e r a t e .  
Utilizing t h e s e  r e s u l t s ,  a s t u d y  was performed t o  e v a l u a t e  t h e  e f f e c t  of 
e x t r a c t e d  va2or  t empera tu re  on APS performance.  Three  o p t i o n s  were  e v a l u a t e d  f o r  
a n  e n v i r o m e n t a l  t empera tu re  of 530°R and a n  i n i t i a l  b u l k  vapor  t empera tu re  of 
516"R- The $ e l e c t e d  o p t i o n s  were:  
(a) constant  low tempera tu re  vapor  e x t r a c t i o n  a t  3 5 0 ' ~  
(b) e x t r a c t i o n  from homogeneous m i x t u r e  ( B a s e l i n e  c a s e )  
(c) constant high tempera tu re  vapor  e x t r a c t i o n  a t  5 5 0 ' ~  
Main eng ine  tank p r e s s u r e  p r o f i l e s  f o r  each o p t i o n  a r e  p r e s e n t e d  i n  F i g u r e  B-15 f o r  
the c r r t i c a l  ?re-"docking maneuvers. As shown, t a n k  p r e s s u r e  v a r i a t i o n  i s  minimized 
when c o o l  vapors  a r e  e x t r a c t e d  (due t o  t h e  low s p e c i f i c  volume of t h e  e x t r a c t e d  
vapars) ,  Bo~eves, t h i s  r e s u l t s  i n  h i g h e r  t o t a l  mass f low through t h e  h e a t  exchan- 
g e r s  and main eng ine  t a n k  a s s e m b l i e s .  Although t h e  e x t r a c t i o n  t empera tu re  must 
e v e n t u a l l y  2qu id iLbra te  t o  t h e  b u l k  mass t e m p e r a t u r e ,  t h e  d a t a  of F i g u r e  5 1 5 ,  
dernanstrates t h e  d e s i r a b i l i t y  of e x t r a c t i n g  c o o l  v a p o r s  t o  m a i n t a i n  h i g h  t a n k  
pressure l e v e l s  and a  p o t e n t i a l  f o r  improved APS d e s i g n .  
During a a j o r  maneuver b u r n s  and r e e n t r y ,  t h e  t empera tu re  p r o f i l e s  shown i n  
Figare B-14 are r e o r i e n t e d  from a  r a d i a l  t o  a l o n g i t u d i n a l  d i s t r i b u t i o n  due t o  
na tura l  c o n v e c t i o n  under imposed g l o a d s .  To i n v e s t i g a t e  t h i s  phenomenon, a  s imple  
p h y s i c a l  raicdel was employed t o  s i m u l a t e  t a n k  vapor  c o n d i t i o n s .  The t a n k  vapor  was 
asstamed t o  D e  a n  i n f i n i t e  gaseous  medium i n i t i a l l y  a t  rest. The r a d i a l  t a n k  
t e -~pera taa re  dist l- ibutioon was approximated by a  s t e p  t e m p e r a t u r e  change a t  t h e  t a n k  
B--18 
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OXYGEN 
AT= - 1 0 0 ° R  
( I n i t i a l  T a n k  Wall = 3 0 Q 0 R ;  I n i t i a l  Vapor = 4 0 0 ° R )  
T i m e  f o r  P r e s s u r e  H i s t o r y ,  H o u r s  T i m e  f o r  P r e s s u r e  H i s t o r y ,  Hou-s 
AT = 0 
( In i t i a l  T a n k  Wall = 3 0 0 ° R ;  I n i t i a l  Vapor = 3 0 0 ° R )  
230 
2 8  3 2 0  
2 4  310 
2 0  300 
1 6  2 9 0  
AT = 1 0 0 ° R  
( I n i t i a l  T a n k  Wall = 5 0 0 ° R ;  I n i t i a l  V a p o r  - 400"R)  
D i s t a n c e  F r o m  T a n k  Wall, Inches D i s t a n c e  From Tank W a l l ,  Inches 
TANK VAPOR PRESSURE AND T m E R A T U R E  PROFILES 
FOR STEADY STATE HEATING 
AT = ( I N I T I A L  TANK WALL T W .  - I N I T I A L  VAPOR TEMP.) FIGURE 8-14 
B-19 
NICDONNELL DOUGLAS ASTRONAUTICS COMPAWW - EAST 
REPORT MDC E0302 
29 JANUARY 7971 
FIGURE B-15 
MCmOMNELL DOUGLAS ASTRONAUTICS COMPANY - EAST 
LOW PRESSURE APS 
SUBTASK 6 
REPORT MBC EO3Os" 
29 JANUA,RY 7971 
c e n t e r l i n e  corresponding t o  t h e  t o t a l  temperature drop ac ros s  t h e  tank .  4 p l y i n g  
t h e  a n a l y s i s  of Reference B ,  non-dimensional v e l o c i t y  p r o f i l e s  were deve loped  f o r  
suddenly acce l e ra t ed  vapor.  This  i s  shown i n  F igure  B-16. These p r o f i l e s  snow the  
ex i s t ence  of a convect ive boundary Payer ad jacent  t o  t h e  tank cecterline duyiug a 
braking maneuver ( v e l o c i t y  imparted from top t o  bottom i n  schematic illustratLon), 
The warm vapors  t o  t h e  r i g h t  of cen te r  move down whereas vapors t o  t h e  lefc r3C @en- 
t e r  move up. Vapor v e l o c i t y  a t  t ime,  t, a f t e r  s t a r t  of t h e  maneuver, i s  gilren by 
U = gBOt (symbols def ined  i n  F igure  3-16). Applying t h i s  equat ion  t o  a rsasonable 
range of maneuver a c c e l e r a t i o n  l e v e l s ,  t h e  fol lowing approximate vapor v e l o c i t i e s  
were computed: 
v e h i c l e  a c c e l e r a t i o n ,  f t l s e c  2 vapor hulk v e l o c i t y ,  fr../sec 
0 .1  0 .01  ( t )  
1 . 0  O . l ( t >  
Resu l t s  a r e  equa l ly  v a l i d  f o r  oxygen and h y d r o g e ~ .  Using a v e l o c i t y  xhresho ld  
of 3 f t / s e c  a s  t h a t  requi red  f o r  s i g n i f i c a n t  r e d i s t r i b u t i o n  of vapors ,  tank-vapor 
hea t ing  is  p r imar i ly  by conduction during t h e  f i r s t  30 f t / s e c  of an A P S  maneuver; 
t h e r e a f t e r ,  vapor heating/mixing is  convect ive i n  na tu re .  I n  t h e  example sirown, 
t h e  cooler  vapors  migra te  t o  t h e  top  of the tank  and warmer vapors  c o l l e c t  xsar the 
bottom, thus  producing an  a x i a l  temperature d i s t r i b u t i o n  i n  t h e  d i r e c t i o n  or t h e  
a c c e l e r a t i o n  vec to r .  Cool p rope l l an t  vapor can then  be  ex t r ac t ed  from the top ef 
t h e  tank  t o  main ta in  tank pressure .  
Resupply P rope l l an t  I n j e c t i o n  - The above examples f o r  o r b i t e r  i d l e  and maneu- 
ve r  per iods  demonstrate t h e  importance of vapor mixing processes .  This rnixzi.ag w i l l  
n isin:. be  s t r o n g l y  a f f e c t e d  by t h e  method chosen f o r  i n j e c t i o n  of resupply propel 
A l t e r n a t e  resupply  i n j e c t i o n  techniques a r e  shown schemat ica l ly  i n  Figtlre B-"17,  
The l a r g e  arrows i n d i c a t e  t h e  gene ra l  flow d i r e c t i o n  whi le  t h e  small  arrows or che 
c losed  curves i l l u s t r a t e  t h e  va r ious  secondary flow p a t t e r n s  which wotld be osts;- 
l i s h e d  f o r  t h e  d i f f e r e n t  schemes. The tank c e n t e r l i n e  i n j e c t i o n  scheme offers the 
s i m p l i c i t y  of s i n g l e  p o r t  i n j e c t i o n  and provides minimal thermal communica;_an 
between t h e  w a l l  and t h e  i n j e c t e d  f l u i d  b u t ,  i f  t h e  i n j e c t e d  f l u i d  i s  co lde -  "ED 
t h e  tank  temperature,  t h i s  r e l a t i v e  i s o l a t i o n  i s  a disadvantage s i n c e  t h e  tkrmal 
energy of t h e  tank  w a l l  can not  be  u t i l i z e d  d i r e c t l y .  
The w a l l  i n j e c t i o n  mode provides a b e t t e r  means of u t i l i z i n g  hea t  tran.;Eer 
from t h e  w a l l  t o  t h e  i n j e c t e d  flow. Heat t r a n s f e r  from t h e  w a l l  t o  t h e  rcsqxpply 
flow supplements t h e  h e a t  exchanger and thus  a i d e s  i n  maintaining tanlc pressilre 
during a burn. The d i f f i c u l t y  wi th  both c e n t e r  and w a l l  i n j e c t i o n  modes Is rhae 
a-2, 
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cbey produce significant mixing, thus precluding preferential extraction of cold 
vapors, 
The centrifugal and radial injection modes offer better containment of resup- 
ply f i u b d  in the injection near-field, thus establishing and/or maintaining vapor 
srratiEication. Radial injection minimizes initial wall contact, but introduces 
~~bstantial secondary mixing. 
ihe centrifugal injection technique combines the advantage of the wall injec- 
ison mode with near-field mixing. In this manner wall-to-fluid heat transfer is 
~ s e d  20 supplement the heat exchanger, and propellant stratification is maintained 
for selective vapor extraction. Experimental data and analytical models for 
~ircu~isnferential wall jets provide means for estimating required lengths and heat 
~ransfer processes. Because of these benefits, the centrifugal' injection method 
x i  ~rsferred, 
3-24 
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APPENDIX C 
C-1. RELIABILITY 
Analyses were conducted to ensure that the A P S  could with a minimum of corn- 
plexity satisfy fail operational/fail safe requirements of Reference a ,  and to 
verify that the basic APS design achieved high reliability. Fail opsratlowal/faii 
safe capability evaluation was performed with functional flow diagrams and pre- 
liminary failure mode and effects analyses. These studies defined a~mount end type  
of component and subassembly redundancy required, and also constituted the basis 
for development of Subtask B APS schematics and weights. Component and subassembly 
failure rates, based on representative, available, failure rate data, were then 
used to estimate APS  reliability. These studies have shown that the low pressure 
APS  design provides a basic simplicity offering potentially high reliability for 
both booster and orbiter applications. 
The general philosophy for implementing fail operational/fail safe redundancy for 
the Low Pressure APS was to minimize the number of components in order to save 
weight while maintaining full fail operational/fail safe capability. Three pssal:el 
redundant regulators control LO2 tank pressure. The valve module controlling flow 
through the propellant heat exchangers provides three parallel flow paths as web1 
as series shutoff valves to control leakage. Because the Low Pressure A4"S can 
provide limit cycle operation in a simple blowdown mode without liquid vapor 
mixing, only double redundancy was necessary for liquid vapor mixing and engine 
propellant pressure regulation. The number of engines necessary to provide 
nominal impulse requirements allowed isolation of engines by groups after the 
first failure in some instances. In other areas, individual isolation for each 
engine is provided after first failure. A second level of isolatioln val-~es provide  
back-up for a double failure of an engine valve and a first level isolation valve, 
To provide a basis for reliability analyses, the following criteria were 
established: 
(1) structures, (such as lines, tanks, fittings and static seals) are 
assumed failure free. 
( 2 )  engines will not fail in a catastrophic mode as long as propellanes 
are supplied at acceptable pressures and mixture ratio. 
(3)  normally closed shutoff valve will not fail open prior to first flight 
operational cycle, and leakage before first operation wKLP be of a 
magnitude which will not degrade system operation. 
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94) nsmal.Ly open shutoff valve will not fail closed prior to first flight 
~perational cycle. 
(5) liquid propellant storage tanks will not normally need venting other 
than that required to satisfy thermodynamic venting requirement. 
(6) component external leakage can be virtually eliminated by special 
attention to component design details; redundancy for this failure 
mode wias not considered in this study. 
C-2 
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6-2. FAILURE: MODE ANALYSES 
Analyses were conducted to identify potential component and subassembly 
failure modes, their effects, and required redundancy. Detailed esraluatj-nab of 
each component and subassenib.lly was mde, but no attempt was made to deffrre degrees 
of failures. For example, control valves were considered to have two falLlure modes: 
fail open and fail closed. Here, fail open included everything from a failure in 
he full open position to the lowest leakage rate affecting subsystem operation 
d safety. 
Results of this study - the Failure Mode and Effects Analyses - are showz in 
gure C-1. Each primary component, which is normally used before a fa i - lure ,  3s 
entified, and potential failure modes, failure effects, failure detecticn reqaire- 
nts, and redundancy considerations are presented. No attempt was made :o design 
instrumentation system or to define depth of redundancy required for parameter 
rising devices. Components and subassemblies are shown schematically in F i g m e  
2, along with a flow diagram illustrating operational mode (zero and one f a i l u r e )  
d safe mode (two failures). Minimizing number of components and simplifying ALPS 
sign were considered important goals. For example, engine isolation valves !$ere 
t placed on each engine; rather, they serve specific engine groupings so char 
il operational/fail safe conditions are met. Likewise, safe requirements (ent ry  
titude control) are satisfied by simple blowdown operation, without liquid/-~apor 
xing, and only two regulators and liquid/vapor mixers are required. Number of 
mponents and redundancy requirements resulting from this analysis were then 
utilized in subsystem sizing and weight evaluations. 
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C-3. RELIABILITY ESTIMATES 
A measure of potential APS "numerical" reliability was derived. Reliabrlity 
estimates were, in general, determined by applying component failure sates and 
duty cycles listed in Figure C-3 to subsystem functional flow diagrams (presented 
above). In some instances, approximation techniques were used to compute t h e  
estimate for redundant and complex component groups. The most common approxfmatisn 
used was a calculation of "Fail Safe" probability as: 
P(FS) = 1 - X P  (of each combination of failures occuring 
which create a potential hazard.) 
In view of the preliminary nature of component and subsystem design., accuracy of 
these approximations is well within the failure rate accuracy used in the analyses, 
Failure rates, as listed in Figure C-3, were selected after a review of available 
failure rate data. Percentage of failure rate assigned to each component farlure 
mode is a judgment figure based on review of failure data (where available), Duty 
cycles shown for each component cover a 72 hour mission time line. Environmental 
and operational factors were not applied to these duty cycles because components 
are generally designed for much more severe environments that those encountered 
in actual usage. 
The results of these estimates, presented in Figure C-4, indicate t h a ~  the 
low pressure APS baseline designs described in this report offer high potenttai 
MCDOWNIELL DOUGLAS ASTRONAUTECS GOMPANV - EAST 
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ORBITER BOaTER 1 
FUNCTIONAL GROUP OPERATIONAL FAIL SAFE OPERATIONAL FAIL SAFE 1 
LO2 STORAGE AND PRESSURlZATlON 
i 
LH2 STORAGE AND PRESSURIZATION 1 0.999997 0.99999999 1 - - 1 1 
PROPELLANT CONDBTlONlNG - 02 1 0.999994 0.99999999 - - I i, A 
PROPELLANT CONDITIONING - H2 0.999993 0.99999999 - - 1 
PROPELLANT DISTRIBUTION AND ENGINES 0.999743 0.99997Q69 0.999923 h @,99999998 L 
I1 
ASSUMPTIONS: 
(1) COMPONENT EXTERNAL LEAKAGE CAN BE CONTROLLED BY PROPER SEAL DESIGN 
(2) SENSING AND SWlTCHlNG RELIABILITY IS EQUAL TO 1.0. 
(3) STRUCTURAL RELlABILlTY IS EQUAL TO 1.0. 
(4) MAIN PROPULSION SUBSYSTEM COMPONENTS USED BY THE AUXILIARY PROPULSION 
SYSTEM WILL NOT DEGRADE APS OPERATION OR SAFETY. 
(5) THE NOW-OPERATING FAILURE RATE FOR APS COMPONENTS WILL NOT BE SIGNIFICANT 
APS REElABlLlTV 
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D-1. PROPELLANT STORAGE, ACQUISITION, AND PRESSURIZATION 
During Subtask A, analyses and trade studies were conducted to identify pre- 
liminary propellant storage assembly selections. It was concluded that separate 
A'S tankage was more attractive than integrated APS/OMS tankage. Also, a simple, 
regulated pressure, helium pressurization assembly was judged better for oxygen 
tanks and an autogenous pressurization assembly, using a compressor, was more 
attractive for hydrogen tankage. Component models used to conduct Subtask A 
analyses were not sophisticated, and (especially in the case of the positioning and 
vent assemblies) design details were not important since these would have l i t t l e  
effect on subsystem weight or technology effecting selection of preferred approaches, 
Therefore, during Subtask B, it was necessary to conduct the detailed ainalyses 
required to define more accurately design and performance of propellant tankage 
assemblies and to confirm and/or update the propellant integration approach 
selected in Subtask A. 
For these analyses, baseline tank sizes were established, based on Subtask A 
requirements, alternate design approaches for different tankage assemblies were 
investigated, preferred approachs were selected, and design and performance charac- 
teristics were established. This appendix defines baseline requirements used for 
Subtask B analyses and summarizes trade studies effecting definition of assembly 
design for propellant acquisition, insulation, cooling, and pressurization, In 
addition, this appendix defines results of an updated integration study and 
provides a summary of selected low pressure APS tankage design. 
- 1  Baseline Requirements - Significant APS tankage requirements affecting 
preliminary design are shown in Figure D-1. These requirements were based p r i a e i -  
pally on Subtask A results, defined in Reference (a). Spherical tanks with  dia- 
meters of 10.6 ft for hydrogen and5.04 ft for oxygen were required for d?9S plcopelLanr: 
storage. OMS tank requirements are also shown. These were based on use of an 
RLl0A-3-3A engine in the OMS subsystem and OMS maneuver velocity allocation o f  
1150 ft/sec. Analysis of the various tankage assemblies based on these require- 
ments, review of the assembly options, definition of concepts selected, and 
definition of their operating characteristics is provided below. 
D- 1 
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PROPELLANT WEIGHT - LB 
A PS 
OMS 
T O T A L  APS PLUS OMS 
APS TANKAGE CHARACTERISTICS 
NO TANKS 
TANK SHAPE 
VOLUME - F T ~  
DIAMETER - F T  
HYDROGEN 
2499 
3775 
62 74 
1 
SPHERICAL 
634 
10.6 
OXYGEN 
-- 
4496 
18,943 
23439 
1 
SPHERICAL 
67 
5.04 
APS TANKAGE REQUIREMENTS 
FIGURE D - l  
D-2. PROPELLAKT ACQUISITION ASSEMBLY 
A p r o p e l l a n t  p o s i t i o n i n g  d e v i c e  i s  r e q u i r e d  i n  t h e  APS tankage t o  e n s u r e  l i q u  
og t f iow d u r i n g  low g o r b i t a l  phases  of t h e  m i s s i o n .  During t h e s e  phases ,  v e h i c l e  
a c c e l e r a t i o n s  t end  t o  randomly o r i e n t  b u l k  p r o p e l l a n t  mass w i t h i n  t he  t ank  w i t h  t h  
p o t e n t i a l  of uncover ing t h e  tank o u t l e t  and caus ing  a l o s s  of p r e s s u r a n t  g ~ i s  and 
i n t e r r u p t i o n  of l i q u i d  f low.  Some d e v i c e  i s  r e q u i r e d  t o  e i t h e r  t o t a l l y  c o n s t r a i n  
t h e  l i q u i d  a t  t h e  t a n k  o u t l e t  o r  t o  p r o v i d e  a  p a t h  of communication from l i q u i d  
mass t o  t ank  o u t l e t .  T o t a l  c o n s t r a i n t  by p o s i t i v e  e x p u l s i o n  was i m p r a c t i c a l  
because of t a n k  s i z e ,  number of c y c l e s  r e q u i r e d  f o r  r e u s e ,  and t h e  c ryogen ic  
p r o p e r t i e s  of t h e  p r o p e l l a n t .  The o n l y  r e a s o n a b l e  approach a v a i l a b l e  was t o  use a 
s u r f a c e  t e n s i o n  s c r e e n  d e v i c e  t o  p rov ide  a  f low p a t h  t o  t h e  t ank  o u t l e t .  
S u r f a c e  t e n s i o n  d e v i c e s  had betan s l i c r e s s f u l l y  used on s e v e r a l  v e h i ~ I ~ - ~ ,  jnc 
ing Agena, Apollo ,  T r a n s t a g e ,  anJ drone and t a r g e t  a i r c r a f t .  Also ,  t h e > c  d t v l c e s  
had been s u b j e c t  t o  e x t e n s i v e  l a b o r a t o r v  t e s t i n g .  They a r e  p a s s i v e  i n  n a t u r e ,  and 
have GO moving p a r t s ,  r e s u l t i n g  i n  f ; ~  glb r e l i a b i l i t y  and mu1 t i c y c l e  r e u s e  capabi 1 i 
S u f f i c i e n t  d e s i g n  i n f o r m a t i o n  was a v d l  l ab lc  t o  e s t a b l i s h ,  w i t h  h i g h  c o n f i d r n c e ,  
that a s u r f a c e  t e n s i o n  assembly cou ld  be  des igned  f o r  o r b i t e r  a p p l i c a t i o n .  
Basic  p h y s i c a l  p r o c e s s e s  a s s o c i ~ t ~ i  w t h  s u r f a c e  t e n s i o n  concep t s  a r c  shown 
i n  F i g u r e  "0-2. Under normal operatio::, tflc s c r e e n  i s  complete ly  we t ted  or, one s-i 
If gas c o n t a c t s  t h e  s c r e e n  on t h e  o t h e r  s i d e ,  s u r f a c e  t e n s i o n  f o r c e s  p r e v e n t  move- 
ment of  the vapor  th rough  t h e  scrip.;],  W k l c i l  l i q u i d  is  i n  c o n t a c t  on the oiiit?t- s i d  
l iquic?  i s  f r e e  t o  t r a v e l  from one s i d e  t o  t h e  o t h e r  as t h e  s u r f a c e  t e n s i o n  e f f ec t  
zs no t  p r e s e n t .  Thus, s u c c e s s f u l  a c q u i s i t i o n  of t h e  l i q u i d s  w i l l  be achieved 
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until: (a) there is no liquid/liquid interface; (b) acceleration forces of suffl- 
cient magnitude to exceed surface tension pressure capability are present; or 
(c) heating below the screen causes vaporization on the liquid side, hence a $as/ 
gas interface across the screen. In this last case, the surface tension screen 
would preferentially flow pressurant gas. 
D-2.1 Acquisition Concepts and Selection - Three basic options for acquisi- 
tion assembly designs are available. These are illustrated schematica2Ey in. 
Figure D-3. The first acquisition device consists of a screen configured to 
locate the screen surface close to the tank wall (i.e., a wall-oriented screen). 
With this approach, liquid withdrawal is possible as long as liquid 1s in contacr 
with the tank wall. This approach is, therefore, mission-independent, sknce the 
specified liquids are wetting and will always assume a wall-contact orientation. 
Normal Operation Pressurant Breakthrough 
OUTFLOW $ 
lneati al Breakthrough Heating Below Screen 
HEAT 
INPUT 
" ' B  
SURFACE TENSION DEVICE OBERATlON 
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Screen Wall Pickup Start Basket Hybrid 
! MUST BE LAUNCHED F U L L  1 PPRTIAL F U L L  LAUNCH POSSIBLE 
2 MISSION INDEPENEIENT NO 2 TYrO TANK OUTLETS REQUIRED 
SETTLING REQUIRED 3 MISSION DEPENDENT SETTLING 
3 SINCLC TANK OUTLET REQUIRED 
4 LARGE SILE REQIJIRFS F l K E  J L l Q l l l O  FALLOUT DURING OUT 
SCREEN MESH FLOW IN L A T E R A L  ACCELERATION 
5 LOIV C TPANISFEP CAPABILITY 
ACQUISITION DEVICE  CANDIDATES 
1. P A R T I A L  F U L L  LAUNCH POSSIBLE 
2 .  SINGLE TANK OUT 
3. BASKET SIZED T O  PROVIDE LIQUID 
WHEN LIQUID IS IN X END O F  
TANK 
4. SOME SETTLING S T I L L  REQUIRED 
5. NO "FALLOUT" DURING L A T E R A L  
ACCELERATION 
FIGURE D-3 
The second device is a start basket. This approach is mission-dependent, 
because it must be refilled by translation accelerations periodically during the 
mission. It also requires two tank outlets since the large OMS thrust level will 
sesrle propellant in the -X end of the tank (refilling the basket) while entry 
acceleraticns w i l l  settle the propellant in the -Z portion of the tank. 
'The thLrd acquisition candidate is a hybrid assembly, combining the start 
basket w i t k  a wall-oriented approach. Only a single tank outlet is needed, but 
the device is still mission-dependent since the basket must be refilled periodically. 
The wall oriented device was selected because it is mission-independent, does not 
require two outlets, and needs no refill. 
Sever,al alternates could be conceived for a wall oriented positioning approach. 
The most conventional of these is a continuous tank liner made of screen. This 
apsroack has received the most attention in exploratory development testing, but 
was considered to be impractical for a large tank because of fabrication difficulty 
and boost ullage considerations (Reference (b)). An alternate, and more practical, 
configuration is a screen channel device, illustrated in Figures D-4 and D-5. 
Several aluninun channels or annular trays are located within the propellant tank 
in close proximity to the wall. These assure contact between liquid and positioning 
devlce under any random orientation conditions. The device is insensitive to boost 
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accelerations, since trays are submerged during boost, and it is the most praceical 
design approach from fabrication and screen size standpoints. In addition, the 
design readily provides capability of checking screen bubble point pressure after 
complete tank assembly. 
D-2.2 Design - The propellant acquisition device consists of three screen 
channels, or trays, around the circumference of the propellant tank and a single, 
enclosed collector channel which connects each annular tray to the smp (Reference 
Figures D-4 and D-5). The annular trays are normal to the vehicle longitudinal 
(or +X) axis and the sump is located in the tank bottom (or the -Z) extremity of 
the tank. The tank outlet has a cone-shaped vapor/liquid interface screen located 
within the feed line below the sump. The feed line is connected to the propellant 
tank by a small vapor relief line, allowing any vapor developed in the Line to 
pass back into the tank vapor region. Solid portions of the trays are formed from 
0.02 in. aluminum sheet. The center wall in the channel is present to fincrease Sox 
cross section rigidity. It is anticipated that channels would be fabricated in 
quarter sections, inspected, and then joined together inside the tank. Each 
quarter section has two points of attachment to the tank wall. At these points, 
then, low conductivity fiberglass rods would offer channel support. 
D-2.3 Operation - It is a requirement that screen surfaces must contact the 
bulk liquid throughout the mission and that channels remain completely full of 
liquid at all times. During outflow, the acquisition device will selectively pass 
liquid to the feed system if it is in contact with a liquid mass. The wall- 
oriented nature of the screen device ensures that contact will be made, Screen 
mesh and flow passage dimensions are selected so that pressure drop across screen 
vapor/liquid interface never exceeds screen bubble point prior to reentry, 73x0 
different mesh sizes have been selected for the screen channels. A relatively 
coarse mesh can be used in the screen channel near the aft end of the vehicle, 
The other two channels require a finer mesh, to withstand hydrostatic head during 
periods of high maneuver accelerations and low propellant loading. 
Placement of the screen channel rings within the propellant tank laas based on 
propellant quantities prior to entry. Approximately 13 percent of propellant wiIl 
be in the APS tank prior to entry and will be settled in the -X end of the tank 
by the OMS thrust during the deorbit burn. The bottom screen channel is p l a c e d  
just below the bulk liquid surface at this propellant loading. Subsequent to 
deorbit burn, propellant will be reoriented to the tank sump by entry drag forces, 
D -5 
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I I 
I 
View BB 
PERFORATED SCREEN 
BACKUP P L A T E  
View AA 
PROPELLANT ACQUISITION SCREEN CHANNEL DESIGN 
FIGURE D-5 
and therefore, will remain in contact with one or both of the remaining screen 
channels. High 4-24 acceleration levels during entry will exceed the stability 
limit of the acquisition device. When this occurs, pressurant will enter the 
screen channels and levels within channels and collector will quickly drop until 
they approximately match the liquid level in the tank bottom. 
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D-3. INSULATION 
Censideral~le research has been, and is being, devoted to development of high 
perfcrrnacce insulation (BPI) concepts. In general, HPI concepts utilize sheets of 
b=ghhy re.flec:ive metalized plastic film (such as aluminized mylar) made into 
~lankets, Separation of sheets in the blankets is provided by embossing, or 
fiocking, the basic film material, or by using a separator sheet such as netting 
\>s ghass fabrics. Many design variations are possible, and separate technology 
studies are currently underway to establish optimum shuttle HPI designs. For 
nzlrpcses o f  this study, however, differences in alternate HPI approaches would have 
. i t t % e  ef fec t  on overall storage weight. For this reason, a typical HPI concept 
was selected and used to optimize amount of insulation and to define reasonable 
: r i?pel lanc storage and vent losses. 
3-3-1 -- Iasulaeion Selection/Optimization - MDAC (under an insulation technology 
s:udy for NASA, Contract No. NAS 8-21400) has investigated various W I  systems. 
Eased on this effort, typical insulation characteristics were selected for APS  
tankage analysis. The selected scheme is made up of double aluminized mylar (DAM) 
 lectors 3f 0,15 mil rhickness with a dacron net separator. A density of 5 lb/ft 3 
based on a sheet density of 90 sheets per inch is representative of this insulation. 
-3 :s  i n ~ ~ ~ l a t i o n  has been experimentally evaluated through calorimeter test of 
* "  
r-anket sanplas, Figure D-6 shows basic insulation characteristics and effective 
L.pnduc:is;ity degradation caused by perforations, joints, and attachments. 
The 6ata of Figure D-6, together with baseline propellant requirements, were 
~ s e d  to cptimize HPI thickness for the shuttle mission. Insulation thickness was 
based on providing a maximum storage efficiency, (i.e., ratio of usable propellant 
ZQ total storage assembly weight). All heat was assumed to go into propellant 
xap~rization and boiloff. This assumption is in accordance with the thermal vent/ 
-nroud system which converts the heat input into hydrogen vaporization. Resulting 
dotiwu.n r.wa?ab:,er of insulation layers and total weight of propellant vented, assuming 
K3 heat shorts, are shown in Figure D-7 (as a function of orbit time). Optimum 
I * ~ s u l a r d o n  for the hydrogen tank had 62 sheets, and was 0.68 in thick, weighing 
25 Ib, lhls resulted in a hydrogen vent rate of 0.37 lbihr. 
D - - 3 * 2  Reusability Characteristics - One of the major concerns in design of 
- 
LI r, ins~latlon is the reusability requirement: high confidence can be placed in 
_ne prediction of basic HPI heat transfer characteristics and thermal performance. 
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MULTI-LAYER INSULATION MEASURED PERFORMANCE CHARACVERISUICS 
FIGURE D-6 
EFFECTIVE CONDUCTIVITY - 
BASIC INSULATION BLANKET 
WlTH 2.3% PERFORATIONS 
WlTH PERFORATION AND JOINT 
WlTH PERFORATION JOINT AND 
STORAGE TIME - DAYS 
OPTIMUM LH2 TANK INSULATION 
(Assuming No Tank Pressure Rise) 
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Yaweves, the effects of multiple venting and pressurization cycles are not known, 
?aka are available to show that unprotected insulation would freely vent during 
ascent wltho~t significant pressure gradients. However, no data are available to 
show the effects of reentry on HPI performance. It is known, though, that any 
form of condensation within the Mylar layers can cause severe degradation in 
zhermal characteristics. (Condensing and freezing water within the layers can 
remove t h e  aaluiminum coating from the Mylar.) Thus, a means of protecting the 
"Lnsulation from atmospheric contamination is required. The following paragraphs 
describe the candidate insulation concepts, their performance and the selection of 
:ha preferred concept. 
Three basic insulation concepts (illustrated in Figure D-8) were evaluated for 
:he hydrogen tank, The simplest concept uses an insulation purge with a noncondens- 
nble gas, Thjs allows use of a semi-rigid cover or flexible bag to protect the HPI. 
bl i th  this concept, the effective conductivity of the insulation approaches that of 
I:he purge gas during nonvented conditions. The second approach is a substrate 
zoncept, in which foam insulation is used under HPI. The foam has a lower conduct- 
ivity than helium-purged HPI and its thickness is sized so that nitrogen can be 
used f ~ r  ascent purging rather than helium (i.e., foam provides sufficient temper- 
ature diizferential to prevent nitrogen condensation). For reentry, the foam will 
se the temperature of the liquid propellant. Thus, to avoid cry0 pumping on the 
hydrogen tank, a noncondensing helium gas purge (concept B-1) or helium purge 
followed by nitrogen purge (concept B-2) will be required during reentry, The 
:bird protection concept employs a double  walled dewar tank, maintaining a vacuum 
in the i-nsulation. This obviously results in maximum thermal performance, because 
che insulation is always in a vacuum and boiioff losses during boost and entry 
are minirnizecl,  However, the outer vacuum jacket is a significant structural 
~lemeat, representing a high assembly weight penalty. 
Propellant losses for a typical mission were calculated for the three concepts. 
These arc shotm in Figure D-9. A simple purge system has extremely high losses. 
The substrate concept reduces these by a factor of nearly five but this is still 
preater than the dewar system, which is subject to minimum propellant loss. 
Figure D--10 compares total weight penalty for the alternate approaches. The 
simple purge assembly is obviously noncompetitive from a weight standpoint. Other 
c a ~ d i d a t c . ~  arie relatively close. The dewar system would eliminate the need for 
aurging and is competitive from a weight standpoint. However, the outer jacket 
WCDONNELL DOUGLAS ASTRONAUTlCS COMPANY - EAST 
LOW PRESSURE APS 
SUBTASK B 
REPORT MDC E0302 
29 J A N U A R Y  7971 
SEMlRlGlD COVER SEMARlGlD COVER OUTER VACUUM JACKET 
OR FLEXIBLE BAG OR FLEXIBLE BAG \ \PURGED* HP! 
*HE FOR LH2 
GN2 FOR LO2 
SIMPLE PURGED HP I 
.TANK WALL 
\ \ SUB-STRATE 
FOAM SUB-STWTE 
WITH GAS PURGE 
ON HPI 
TANK WALL 
\ EVACUATED HPE 
DOUBLE WALL 
DEWAR TANK 
TANK 
CONCEPT 5 CONCEPT C 
BOOSTIREENTRY THERMAL PROTECTION CONCEPTS 
FIGURE D-8 
w e i g h t s  shown f o r  t h i s  concept  are probab ly  o p t i m i s t i c ,  a s  t h e y  a r e  based on use 
of a n  i s o g r i d  s t r u c t u r e  w i t h  a d e s i g n  s a f e t y  f a c t o r  of 1 .5 .  I f  a  s a f e t y  factor 
of 2 were used ,  a s  assumed f o r  t h e  r e s t  of t h e  assembly d e s i g n ,  j a c k e t  w e i g h t  
would i n c r e a s e  t o  360 l b .  On t h i s  b a s i s ,  t h e  p r e f e r r e d  approach f o r  hydrogen i s  
purged foam s u b s t r a t e .  Although t h e  weight  p e n a l t y  cou ld  be  reduced by u s l a g  a 
d u a l  r e e n t r y  purge (helium fol lowed by n i t r o g e n ) ,  p o t e n t i a l  weight  advantage i s  
s m a l l .  For  t h e s e  r e a s o n s  a  s i n g l e  purge g a s  ( n i t r o g e n  f o r  a s c e n t  and helium f o r  
r e e n t r y )  was s e l e c t e d .  For  t h e  oxygen assembly,  gaseous  n i t r o g e n  can b e  used f o r  
purge w i t h o u t  a s u b s t r a t e .  Performance of c a n d i d a t e  oxygen concep ts  i s  shown i n  
F i g u r e  D-11 .  Weight p e n a l t i e s  a r e  s m a l l e r ,  and t h e r e  i s  g e n e r a l l y  l e s s  obse rvab le  
d i f f e r e n c e  between concep ts  t h a n  was t r u e  f o r  hydrogen systems.  E i t h e r  a dewar  
t a n k  o r  a s imple  n i t r o g e n  purge sys tem a p p e a r s  p r a c t i c a l .  A s  w i t h  t h e  hydrogen 
systems d i s c u s s e d  above,  t h e  dewar we igh t s  a r e  b e l i e v e d  t o  b e  o p t i m i s t i c ,  There- 
f o r e  t h e  n i t r o g e n  purge  sys tem was s e l e c t e d  f o r  oxygen. 
3-7 
MCDONNELL DOUGLAS ASTRONAUTICS GOMPANV - EAST 
LOW P R E S S d R E  APS 
S U B T A S K  B 
REPORT MDC E0302 
29 JANUARY 1971 
-.- 
CONCEPT A 
CONCEDT B 
B-J A ?  PURGE BOOST 
- 
He ENTRY PURGE 
B-2 N p  PURGE BOOST 
He 'N2 DUAL GAS ENTRY 
PURGE 
CONCEPT C 
EVACUATION 
TOTAL MlSSlON LH2 LOSSES 
(All  Heat input Goes into Boiloff) FIGURE D-9 
HARDWARE WEIGHTS 
INCREASED TANKAGE 
F134iM ONSUhWTlON 
HP, OIlTER JACKE f 
PU?GE GAS SUPPLY SYSTEM 
HYDROGEN TW ERMAL PROTECTION SYSTEM COMPARISON 
L o w  PC APS 
!li iT WAS ASSUMED THAT HELIUM COULD B E  TAKEN FROM EXISTING HELIUM RESIDUALS IN THE VEHICLE AND NO 
PENALT'1 WAS CHARGED FOR T H E  GAS OR STORAGE BOTTLE. 
(21 OUTER jiACKET IS 0.02 IN FIBERGLAS. 
(3: AhUMlWUlVl VACUUM JACKET USING ISOGRlD STRUCTURE CONCEPT. 
FIGURE D-10 
? e l k ?  
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HARDWARE WEIGHTS 
INCREASED TANKAGE 
FOAM INSULATION 
PURGE GAS SUPPLY SYSTEM 
OXYGEN THERMAL PROTECTION SYSTEM COMPARISON 
FIGURE D-11 
D-3.3 Tank Heat S h o r t s  - M u l t i l a y e r  HPI i s  used t o  reduce  p r o p e l l a n t  heat 
t r a n s f e r  th rough  t a n k  w a l l .  However, i n  any c ryogen ic  tankage d e s i g n ,  i t  i s  
n e c e s s a r y  t o  g i v e  c a r e f u l  a t t e n t i o n  t o  t h e  v a r i o u s  h e a t  s h o r t s  a s s o c i a t e d  w i t h  
t a n k  mounting s t r u c t u r e  and f e e d  l i n e s .  P r e v i o u s  s t u d i e s  have shown t h a t  pcint 
s u p p o r t  w i t h  low c o n d u c t i v i t y  t r u s s e s  must be  used t o  p r o v i d e  low s u p p o r t  losses* 
F i g u r e  D-12 shows t h e  i n f l u e n c e  of s u p p o r t  m a t e r i a l s  on g e n e r a l  the rmal  perfarmance, 
A s  shown, f i b e r g l a s s  i s  one of t h e  most a t t r a c t i v e  m a t e r i a l s  f o r  t a n k  s u p p o r t  
because  of i t s  h i g h  s t r e n g t h ,  low d e n s i t y  and low c o n d u c t i v i t y .  F i g u r e  D-13 
shows a  t y p i c a l  l a y o u t  f o r  a  t u b u l a r  s t r u t  t a n k  suppor t  system. P r a c r i c a l  struc 
dimension,  we igh t ,  and h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  a r e  a l s o  shown. Analyses were 
conducted t o  i d e n t i f y  h e a t  s h o r t  th rough  t h e  v a r i o u s  l i n e s  t o  t h e  t a n k .  Results 
a r e  shown i n  F i g u r e  D-14.  
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CONDUCTIVITY 
SUPPORT lo-' BTU-FT 
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INFLUENCE OF SUPPORT MATERIAL SELECTION ON HEAT FLUX 
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SUPPORT OII!4ENSEOIUS - i N  
STRUT LENGTH Dl/? TH'CKNESS 
A '  B '  38 6 3.035 
- A ' C '  62 6 3.055 
C'  D' 7 0 4.5 C.045 
WEIGHT 
LH2 SUPPORT SYS I En" sil LS 
LO2 SUPPORT SYSTENI 17 16 
ATTACHMENTS 74 LB 
HEAT INPUT 3 1 3  
LH2 SUPPORT SYSTEM r . i  --- 
H R 
BTU 
LO2 SUPPORT SYSTEM 0.82 - 
H R 
TANKAGE SUPPORT SYSTEM 
Orbiter B FIGURE D-13 
FEED LlNE 
VENT/PRESSURIZATION (1 IN DIA) 
SCREEN VENTS 
-- 
FEED LINE 
VENT/PRESSURIZATION (1 IN DIA) 
SCREEN VENTS 
F E E D  L l N E  HEAT TRANSFER CHARACTERISTICS 
Stainless Steel Lines Extending 1 F o o t  From Tankage Inner Shell F ~ G U R E  D-74 
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Long term storage of cryogenics requires propellant venting for tank pressure 
control. To avoid excessive losses, some technique for assuring vapor phase venting 
must be provided. One of the most promising techniques for this is the "thermody- 
namic separator", which converts vented liquid to gas in a heat exchanger. The 
operation of the device is illustrated in Figure D-15. Liquid hydrogen enters the 
vent system at condition A, and is throttled to point B to reduce its temperature. 
After throttling, a two phase mixture exists. This is circulated in a heat 
exchanger and heat transfer completes the vaporization until, at the heat exchanger 
discharge, coolant has been completely vaporized (Point C). 
D-4.1 Vent System Operation - The selected vent system in which liquid 
hydrogen is extracted from the liquid positioning device, operates continuously 
during the mission. Figure D-16 is a schematic of the vent concept. There ?re 
three parallel circuits: one for feed line sump cooling, one for tank support 
cooling, and one for insulation, pressurization and line cooling. The first two are 
essentially the same for all heat exchanger approaches. All three circuits are 
throttled to the same pressure, so that downstream pressure remains constant. 
Hydrogen is extracted from the positioning device and throttled to reduce its 
temperature by approximately 7OR. Definition of a fixed temperature difference in 
this manner allows heat exchanger design to be independent of final tank pressure 
selection. Seven degrees R was found to give a good balance between number of coils 
for feed line/sump cooling and reasonable tube sizes for insulation cooling heat 
exchanger. Hydrogen exhausted from the hydrogen tank cooling circuit is used to 
provide oxygen tank cooling. 
D-4.2 Heat Exchanger Concepts - The principal technical issue to be resolved 
in vent assembly design was definition of the heat exchanger concept to be used. 
Three basic options are feasible; (1) heat exchanger mounted directly to tank 
structural shell, (2) radiation shroud heat exchanger in which cooling tubes are 
separated from tank walls, and (3) compact (or internal) heat exchanger located 
inside the propellant tank. 
The simplest heat exchanger is the wall mounted approach. This was analyzed 
in detail in Reference (c), where it became clear that tank wall temperature 
distribution could lead to a significant level of stratification which would be 
unacceptable to the APS, and that mixers would be required with this concept, 
significantly complicating design. 
D-16 
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*O t 1 I I I 1 I I 2 3 4 5 6 7 8 9 10 
ENTROPY - BTU/LB OR 
HYDROGEN THERMODYNAMIC VENT DESIGN CHARACTERISTICS 
FIGURE D-15 
The use of a vent cooled radiation shroud, physically isolated from the tank 
so that radiation is the controlling mode of heat transfer, will essentially 
reduce radiation heat transfer to zero. Since shroud temperature is kept at or 
below tank temperature, all heat through the insulation can be effectively inter- 
cepted by the vaporizing coolant. Steady state performance of a device such as 
this was analyzed assuming the tube-shroud arrangement shown in Figure D-17. 
Use of a compact, pump driven heat exchanger inside the tank has been studied 
and ground tested (References (d) and (e)) . In this concept, tank fluid is 
circulated over or through the heat exchanger by a low power pump/mixer, which 
eliminates stratification and hot or cold spots in the tank due to unequal heat 
transfer. A generalized mixer sizing analysis is shown in Reference (f) and (g). 
Based on a conservative acceleration level of 1 0 ~ ~ ~  for the orbital gravity field, 
necessary fluid and mixer parameters were developed (Figure D-18) together with 
heat exchanger data. 
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T El 36.5 OR 
RADIATION SHROUD 
THROTTLE 
RADIATION SHROUD 
CONTROL 
ORIFICES 
VENT SYSTEM SCW EMATlC 
GH2 OUT 
Q REQ'D 
FIGURE D- 
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15 GAGE DAM WlTH /- 0.125 DIA .010 WALL DACRON NET (90 SHEETS/IN) TUBULAR 1100 A L  EXTRUSION 
BRAZED TO 
-.-TANK WAL 
r 15 GAGE DAM WITH DACRON NET (90 SHE%TS/IN) 
L0.42 IN P.U. FOAM L0.005 1100 ALUMINUM FOIL 
LH2 TANK DACRON NET LO2 TANK 
COOLED RADIATION SHROUD INSTALLATION DETAIL  
PASSES THICKNESS WEIGHT 
H2 SHROUD 2.22 F T  14 0.005 IN 24.2 L B  
O2 SHROUD 1.92 F T  9 0.001 IN 2.3 LB  
THESE SURFACES 
COATED WlTH 
BRAZE MATERIAL 
(TYP BOTH SIDES) MATERIAL - 1100 ALUMINUM 
SHROUD CHARACTERISTICS 
- 3  SHEETS DAM WIT5 
DACRON NET 
FIGURE D-17 
D-4.3 Heat Exchanger Concept Comparison - The advantages and disadvantages of 
the candidate heat exchanger concepts are summarized in Figure D-19. The vapor- 
cooled radiation shroud concept is a light-weight, completely passive assembly, 
with no moving parts; therefore, it has been selected as the vent heat exchanger 
concept. Internal compact heat exchanger concepts have been extensively studied 
and have demonstrated adequate tank pressure control in Ig testing. However, no 
low-g tests demonstrating destratification with very low-power mixers have been 
performed, and the approach is complex. The tank wall-mounted heat exchanger is 
also a rather complicated installation, which must be integrated with the basic 
propellant tank. In addition, mixers would still be required. 
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HEAT TRANSFER COEFFICIENT, BTU~HR-FT~  - OR 
TUBE DIAMETER, IN  
T U B E  LENGTH, IN 
1flYXER CHARACTERISTICS 
INPUT POWER, WATTS 
EFFICIENCY, PERCENT 
MIXER WEIGHT, L B  
OUTLET DIA, IN  
INTERNAL HEAP EXCMI ANGERIMIXER CHARACTERISTICS 
FIGURE D. 
1. MIXER REQUIRED 
2 STRATIFICATION ELIMINATED. 2. O2 MIXER MUST B E  PURGED 
bAVE BEEN GROUND TESTED. REQUIRING ADDITIONAL VENTING. 
5. FAWRLY SIMPLE lNSTALLATlON 
I, FAIRLY LIGHTWEIGHT 1. MIXER REQUIRED BECAUSE OF STRATlFlCATlON 
GROUND TESTED REQUIRING ADDITIONAL VENTING. 
4. MlXER RELIABIL ITY 
5. COMPLEX FABRICATION AND INSTALLATION 
6. LEAKAGE MAY DEGRADE INSULATION 
1. SYSTEM HAS NOT BEEN DEVELOPED OR GROUND 
4, CAN B E  GROUND-TESTED P L E X  FABRICATION AND 
I 
H E A T  EXCHANGER CONCEPT COMPARISON FIGURE D-19 
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D-5. PRESSURIZATION 
2 Minimum pressure of 35 lbf/in a is required at main tank passive heat exchanger 
inlet. Three pressurization concepts to satisfy this requirement for hydrogen were 
evaluated during Subtask B. These were: (1) cold helium pressurization, (2) auto- 
genous pressurization using compressed main engine tank vapors, and ( 3 )  10117 NPSP 
low head rise boost pumps. Cold helium was selected for oxygen pressurization, 
based on earlier Subtask A results. Subtask B requirements did not warrant 
reevaluation of oxygen pressurization concepts. The following paragraphs describe 
the hydrogen pressurization comparison and selection, followed by a sulmary of 
hydrogen and oxygen concepts weights and physical characteristics. 
2 Cold Helium - Helium is stored at 3000 lbf/in a in a separate tank submerged 
2 
within the hydrogen tank and regulated to 35 lbf/in a APS tank pressure, Design 
of the assembly was straightforward, since the pressurization process was 
essentially isothermal. The tank pressure level is continuously maintained at 
2 35 lbf/in a. However, during extraction, the propellant vaporization rate will 
not be sufficient to maintain the propellant partial pressure. In this event, 
the partial pressure of helium will increase during extraction. After extraction 
has ceased, the propellant will vaporize until equilibrium vapor pressure condi- 
tions are again satisfied, and tank pressure will increase, due to excessive helium 
2 inflow, above 35 lbf/in a. An evaluation of the maximum pressure to be encountered 
2 during the mission indicates that the pressure rise will not exceed 40 Lbf/in a, 
This pressure level is within tankage minimum gage strength capability and below 
the tank vent pressure, thus no weight penalty is involved. 
Autogenous - With this concept, warm propellant vapors are drawn from ~ a i n  
2 
engine tank and compressed to 35 lbf/in a. Continuous tank pressurization was 
maintained to satisfy APS usage requirements which could occur anytime d3rin.g t h e  
mission. For autogenous pressurization, the amount of liquid-vapor heat transfer 
is important. Heat transfer will raise liquid temperature until the liquid (or a 
significant portion of it) reaches saturation temperature at tank operating 
pressure. In addition, heat transfer from pressurant to liquid will increase 
required pressurant flow rate (a significant factor for compressor design), 
Based on approximate heat transfer calculations and baseline mission definition, 
3 
maximum pressurant flow rate required to compensate for heat loss is 1-35 ft /set, 
3 Added to the maximum propellant outflow rate of 1.65 ft jsec, total pressurant flow 
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3 
rate req~~i rement  becomes 3.0 ft /see. Three compressor units, with two operating 
siaultanesusly to produce the requisite design conditions, provided redundancy. 
Compressor design data is tabulated in Figure D-20. 
- Consideration was also given to tank sump mounted, low head rise 
boost pumps, Pump design data for a completely submerged boost pump was furnished 
by Peseo Products, and is shown in Figure D-21. The pump would be completely sub- 
merged, with the impeller located in the APS acquisition channel sump. The pump 
has Pow weight, and requires zero NPSN and no technology advancement. Helium 
~epressuriaation was deemed necessary, not from pump inlet requirements, but from 
t h e  necessity of suppressing nucleate boiling, which could affect propellant 
2 
acquisition later in the mission. Prepressurization to 40 Ibf/in was selected to 
2 ?rovide a margin of 0.5 lbf/in a above vapor pressure at end of expulsion, when 
lank pressure is minimum. 
Concept C:omparison - Comparison of hydrogen pressurization concepts is given 
P ~ 
in Figure D-22. Both helium and compressor approaches are heavy. The boost pump 
assembly was selected, therefore, on the basis of its low weight, simplicity, 
and desirable lack of new technology requirements. 
INLET  TEMPERATURE, OR 
OUTLET  TEMPERATURE. OR 
FLOW RATE, LB'SEC 
VOI UMETRIC FLOW. CFS 
SHAFT HORSEPOWER, HP 
SHAFT SPEED, RPM 
SPECIFIC SPEED. RPM ICFSI'~ ~FTI" 
NUMBER STAGES 
IMPELLER OIAMETER. IN 
HOUSING DIAMETER, IN 
HOUSING LENGTH, IN 
INLET  OIAMETER. IN 
EXIT DIAMETER. IN 
EFFICIENCY, PERCENT 
GEARBOX RATIO 
HYDROGEN CENTRIFUGAL COMPRESSOR DESIGN DATA FIGURE D-20 
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HYDROGEN BOOST PUMP DESIGN AND CHPIRACTERlSTlCS 
FIGURE D-21 
e HEAT EXCHANGER INLET PRESSURE = 35 LBF/IN*A 
e WEIGHTS INCLUDE REDUNDANCY 
HELIUM PREPRESS/BOOST PUMP 
e WEIGHT PENALTY = 170 LB 
e SMALL CENTRIFUGAL PUMP \ 
e 6 HP ELECTRIC MOTOR 
e WEIGHT PENALTY = 333 LB 
e FOUR STAGE CENTRIFUGAL COMPRESSOR 
e 9 HP ELECTRIC MOTOR 
e SENSITIVE TO MAIN TANK PRESSURE AND 
TEMPERATURE FLUCTUATIONS 
e WEIGHT PENALTY = 444 LB 
NO SIGNIFICANT POWER REQUIREMENTS 
\/ SELECTED SYSTEM 
HYDROGEN TANKAGE PRESSURIZATION CONCEPTS 
FIGURE D-22 
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AES propellants may be stored in separate, nonintegral tankage, or may be 
Y-ntegrated with OMS propellant supply. Choice of integration concept depends on 
penalties inx~slved with a combined subsystem designed for the most stringent 
- comb in at lo^ of requirements compared with separate subsystems which could be 
designed spec~fically for a given set of requirements. In the case of the APS, 
che icregrated concept must provide sufficient pressurant to meet the pressure 
2 ievels required by the D S  (35 lbf/in a) whereas the OMS would only require pressuri 
z a t l a n  ta 30 psia, Weights and requirements of separate and integrated concepts 
is given in Flgure D-23. Several hydrogen pressurization schemes have been 
included to show their effect on subsystem weight. For separate subsystems, boost 
m m y  &?S pressurization and autogenous OMS pressurization were selected. OMS 
$eights s h o w  reflect use of RL-10 engines (as discussed in Section 4.2.2). Here, 
3M3 acqufsition was assumed to be provided by APS settling burns. Integrated sub- 
system wnights are best satisfied by using APS boost pumps, which can readily 
satisfy OMS flow requirements. Little weight difference between minimum weight 
cancepts can be noted; thus, selection of separate or integrated tankage should be 
3ased on othex factors. 
Integrated tankage assemblies present several peculiar problems vis-a-vis 
c e p a r a t e  tanks, Integrated tankage is larger, reducing passive acquisition sub- 
syste~ design margins, and increasing development risk, since screen devices are 
sensitive to size and liquid head (i.e., tank length). In addition, integrated 
tankage 1s less suited to propellant off-loading, since the acquisition device 
must remain sl-abmerged during launch. Packaging volume differences between concepts 
3re relatively small, and should prove to be of minimal concern. Separate concepts 
chus 0f1e: opierational, weight, and developmental advantages, and, on these bases, 
were se lec ted  for the M S .  
3-24 
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SEPARATE OMS APS TANKS INTEGRATED 
A PS OMS OMS APS TANKS 
PRESSURIZATION (Hz) COLD HELIUM He PREPRESS COLD HELIUM AUTOGENOUS COLD HELIUM He PREPRESS 
CONCEPT PUMP APS PUMP 
(02) COLD HELIUM COLD HELIUM COLD HELIUM COLD HELIUM COLD HELIUM COLD HELIUM 
TANK PR SSURES, f (Hz) 36 40 30 30 36 40 (LBF,'IN A) (02) 36 36 30 30 36 36 
WEIGHTS, (LB) 
PROPELLANT (Hz) 2,260 2,260 4,022 4.022 6.206 6,206 
(02) 5,799 5,799 18,943 18.943 24.742 24.742 
TANKAGE (Hz) 551 551 805 805 1,070 1.100 
(02) 236 236 520 520 680 680 
THERMAL VENT SYSTEM 32 32 73 73 89 89 
HELIUM SYSTEM 420 104 592 62 1.255 380 
PUMP/MOTORS - 73 - - - 77 
ELECTRICAL POWER - 1 - - - .5 
(TOTAL) (9,298) (9 054) (24,955) (24 425) (34.042) (33.2751 ;d) l;/i 
i SUMMARY ) WEIGHT SEPARATE SYSTEMS 33,479 ' WEIGHT INTEGRATED SYSTEMS - 31.271 
d) SELECTED 
TANKAGE INTEGRATION WEIGHT SUMMARY 
FIGURE D-23 
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D-7. TANKAGE DESIGN SUMWRY 
Individual subassembly design characteristics have been discussed in preceding 
sections. The complete assembly is summarized below. 
The Orbiter LO2 tank is pressurized by a regulated supply of helium. The 
helium pressurant storage tank is mounted inside the LO tank to take advantage of 2 
volumetric efficiency gained by storing the pressurant at LO temperatures. 2 
Hydrogen pressure is provided by low head rise boost pumps located in the tank sump. 
2 The LH2 tank will be prepllessurized with helium to 40 lbf/in a. As the LH2 supply 
2 is depleted, tank pressure will drop to approximately 20 lbf/in a. This pressure 
2 is sufficient to maintain a positive NPSP of at least 0.5 lbf./in a at pump inlets, 
and will suppress nucleate boiling (which could be encountered during operation at 
saturated conditions). 
The tankage concept consists of 2219 aluminum basic pressure vessel, layer of 
foam (on the LH2 tank only), cooling shroud made of 0.125 inch diameter aluminum 
tubing brazed to an aluminum heat barrier, blanket of HPI, and fiberglass outer 
shell. Figure D-24 illustrates the tank assembly. Cooling shroud temperature is 
maintained by continuous hydrogen vent. LH2 is extracted for cooling, expanded and 
subcooled 7"R, then routed to shroud, tank supports and penetrations, where it 
vaporizes and absorbs tank heat leak. Thermal vent requirements are shown in 
Figure D-25. The fiberglass outer shell serves as an environmental shield for 
the tank thermal insulation system. On the ground, constant GN2 purge provides an 
inert atmosphere surrounding the HPI, protecting it against contamination and 
corrosion. On orbit, the fiberglass shell is vented to vacuum to enable HPI to 
function as evacuated radiation shields. On reentry either helium (for the hydro- 
gen tank) or nitrogen (for the oxygen tank) is purged through the cavity between 
outer shell and tank to prevent the shell from collapsing, as well as to inhibit 
atmospheric contamination of the JQI. 
Propellant acquisition is accomplished through use of screen channels illus- 
trated in Figure D-26. Screen channels are placed in such a position that some 
portion of screen will always be "wetted", thereby ensuring fluid flow to fill 
tank sump channels. 
A weight breakdown of the tank assemblies is summarized in Figure D-27. 
MCOONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST 
,W PRESSURE APS 
SUBTASK 8 
REPORT MPC €0302 
29 JANUARY 7971 
COOLING SHROUD 
INSULATION BLANKET 
PRESSURE VESSEL 
ACQUISITION RINGS (3) 
!; ~;T-,=U/ TANK OUTLET 
PROPELLANT TANK INSULATION/COOLING CONCEPT 
F I G U R E  D-24 
b 
ORBITER B 
LH2 LO2 
1 
INSULATION (BTU/HR) 72 31.3 
TANK SUPPORTS (BTU/H R) 1.1 1.0 
PRESSURIZATION/FILL LINES (BTU/H R) 5.2 3.8 
SUMP/FEEDLINE (BTU/H R) 3.4 2.4 
REQUIRED VENT RATE (LB/HR) 0.44 0 
TOTAL VENTED WEIGHT (LB) 84 0 
(&DAY MISSION) 
d 
APS PROPELLANT STORAGE AND VENT SUBSYSTEM IN-ORBIT HEAT INPUT SUMMARY 
F I G U R E  D-25 
D-27 
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BOOST ACCELERATION 
PROPELLANT SCREEN SIZE CHANNEL SIZE (IN) 
O2 250 x 1370 ( 1 7 ~ )  3 x 6 
200 x 600 ( 4 0 ~  ) 
Hz 325 x 2300 (1011) 5 x 8 
200 x 600 ( 4 0 ~  ) 
I I 
APS PROPELLANT ACQUISITION DEVICE 
FIGURE D-26 
HYDROGEN OXYGEN 
(LB) (LB) 
1 
STRUCTURAL COMPONENTS 
PROPELLANT TANK 224 51  
FIBERGLASS SHELL (INCLUDING SUPPORTS) 98 22 
PROPELLANT ACQUISITION DEVl CE 105 37 
TANK MOUNTS 62 50 
TANK INSULATION 
FOAM SUBSTRATE 3 1 .. 
INSULATION BLANKET 99 32 
INSULATION SUPPORTS 10 3 
COOLANT LOOP 
SHROUD 28 2 
VALVES, CONTROLS 4 4 
PRESSURIZATION 159 32 
2 
TOTAL 820 233 
PROPELLANT STORAGE ASSEMBLY - TANK WEIGHT SUMMARY 
FIGURE D-27 
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E-1. DESIGN ANALYSES 
Deta i led  ana lyses  were performed: 
(1) t o  d e f i n e  APS design parameters such as chamber p re s su re ,  mixture r a t i o ,  
and expansion r a t i o  
(2) t o  e s t a b l i s h  t h e  subsystem ope ra t ing  p re s su res  and p re s su re  ba lances ,  and 
(3)  t o  de f ine  t h e  subsystem feed  l i n e  i n s t a l l a t i o n  d e t a i l s .  
This e f f o r t  p a r a l l e l e d  t h e  ope ra t ing  c h a r a c t e r i s t i c s  eva lua t ion  descr ibed  i n  
Appendix B ,  which def ined  subsystem. performance i n  terms of usable  p rope l l an t  
weight ,  main engine tank  temperature and p re s su re  p r o f i l e s ,  l iquid-vapor mixer 
-2quirements and performance, and, f i n a l l y ,  engine i n l e t  condi t ions .  Both s t u d i e s  
aescr ibed  above a r e  s t r o n g l y  in te rdependent ,  b u t  were performed s e p a r a t e l y  t o  
reduce t h e  number of v a r i a b l e s  i n  each s tudy ,  thus  g r e a t l y  s imp l i fy ing  t h e  ana ly t i -  
c a l  e f f o r t .  
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I 
E-2. DESIGN PROGRAM 
LOW p res su re  APS i n e r t  hardware weight is  a s i g n i f i c a n t  po r t ion  of t o t a l  sub- 
system weight.  Therefore,  t h e  APS i s  p a r t i c u l a r l y  s e n s i t i v e  t o  chamber p re s su re  
d e f i n i t i o n ,  feed  l i n e  s i z i n g ,  and subsystem mixture r a t i o .  A computer program was 
developed t o  s i z e  t h e  APS, and was used t o  de f ine  optimum subsystem design parameter 
Operation of t h e  program is  i l l u s t r a t e d  by the  flow diagram shown i n  Figure E-1. 
Engines, l i n e s ,  and va lves  were s i z e d  a s  a func t ion  of chamber p re s su re  f o r  
t h e  lowest main engine tank p re s su res .  Each s p e c i f i c  va lve  and l i n e  segment was 
s i z e d  f o r  t h e  app ropr i a t e  flow r a t e  and a v a i l a b l e  p re s su re  budget.  Optimum chamber 
p re s su re  w a s  then  s e l e c t e d  t o  provide minimum feed  system weight.  Minimum weight 
occurs  where inc reases  i n  l i n e  and va lve  weight (due t o  reduced a v a i l a b l e  p re s su re  
budget) a r e  matched by decreases  i n  engine weight (due t o  h ighe r  chamber pressure)  
The APS upstream of t h e  main engine tanks c o n s i s t s  of p r e s s u r i z a t i o n ,  pro- 
p e l l a n t ,  p rope l l an t  tankage, pas s ive  h e a t  exchanger, and l iqu id /vapor  mixer assem- 
b l i e s .  These were s i z e d  i n  accordance wi th  models based l a r g e l y  on e x i s t i n g  hard- 
ware and previous subsystem designs.  These models were updated throughout t h e  
s tudy a s  a d d i t i o n a l  design d a t a ,  such a s  t h e  tankage design d a t a  i n  Appendix D ,  
became ava i l ab l e .  
The s i z i n g  rou t ines  descr ibed above were performed f o r  each expansion r a t i o  
and mixture r a t i o  des i r ed .  I n  t h i s  manner subsystem weight ,  subassembly weights ,  
and subassembly design c h a r a c t e r i s t i c s  were def ined  f o r  each mixture and expansion 
r a t i o  thus  f a c i l i t a t i n g  f i n a l  subsystem s e l e c t i o n .  
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reed l i n e  d e s i g n  was e s t a b l i s h e d  i n  s u f f i c i e n t  d e t a i l  t o  a l l o w  a c c u r a t e  
w e i g h t  estimates and chamber p r e s s u r e  o p t i m i z a t i o n .  Th is  e f f o r t  i n c l u d e d :  
i;) Feed l i n e  i n s t a l l a t i o n  and r o u t i n g  
(2) Feed l i n e  s i z i n g  by segments i n  accordance w i t h  i n d i v i d u a l  f low and 
p r e s s u r e  b a l a n c e s ,  and 
(3) D e f i n i t i o n  o f  l i n e  s u p p o r t s ,  j o i n t s  and compensators.  
The feed l i n e  d i s t r i b u t i o n  model, f e e d  l i n e  s i z e s ,  and m a t e r i a l  s e l e c t i o n  were  
described e a r l i e r  i n  S e c t i o n  6. S p e c i f i c  l i n e  s u p p o r t s  and compensator l o c a t i o n s  
and  sizing a r e  d e s c r i b e d  below. 
LOW p r e s s u r e  l i n e s  were s i z e d  u s i n g  s t a n d a r d  a i r c r a f t  minimum gauges d e f i n e d  
by h a n d l i n g  and manufactur ing requ i rements .  Maximum unsupported l i n e  l e n g t h  was 
defined i n  accordance w i t h  induced bending s t r e s s  and minimum gauge s t r e n g t h  
c h a r a c t e r i s t i c s ,  and i s  shown i n  F igure  E-2. Although s u p p o r t s  a r e  on ly  r e q u i r e d  
appre:iirnately every  30 f t  f o r  a  s t r a i g h t  run ,  a d d i t i o n a l  s u p p o r t s  a r e  r e q u i r e d  i n  
rhe  f e e d  sys tem t o  accommodate s h o r t e r  runs  and mani fo ld ing .  
Bellows assembl ies  were p l a c e d  i n  each l i n e  segment t o  accommodate manufactur-  
i ng  t o l e r a n c e s ,  t o  account  f o r  l a r g e  the rmal  c o n t r a c t i o n s ,  and t o  compensate f o r  
launch v i b r a t i o n a l  motions.  Both a n g u l a r  and l i n e a r  compensators a r e  used.  A 
review of c u r r e n t  compensator d e s i g n s  i n d i c a t e d  t h a t  s o c k e t  t y p e  a n g u l a t i o n  
bellows and i n - l i n e  t y p e  l i n e a r  compensators p rov ided  t h e  h i g h e s t  r e l i a b i l i t y ,  low- 
est p r e s s u r e  d rop ,  and r e l a t i v e l y  low w e i g h t s .  C h a r a c t e r i s t i c s  of t h e s e  compen- 
sa to rs  a r e  shown i n  F i g u r e  E-3, a s  a r e  b o t h  aluminum and s t a i n l e s s  s teel  w e i g h t s .  
Weight o f  t h e  s t a i n l e s s  compensators w i t h  aluminum l i n e s  i n c l u d e s  t h e  use  o f  b i -  
m e t a l l i c  a4uuninum/stainless s t e e l  j o i n t s ,  where a p p l i c a b l e .  L i n e a r  compensator 
weights were d e f i n e d  us ing  t h e  the rmal  c o n t r a c t i o n  a s s o c i a t e d  w i t h  a 600°F temper- 
ature change ( c o n s e r v a t i v e )  and r e a l i s t i c  manufactur ing t o l e r a n c e s .  The compen- 
s a t o r  length was s e t  t o  b e  t h r e e  t imes  t h e  a n t i c i p a t e d  l i n e a r  movement r e q u i r e d ,  
plus d iaJ2  f o r  end f i t t i n g s .  
Fsgure E-4 p r e s e n t s  a  we igh t  comparison of s t a i n l e s s  s t e e l  and aluminum 
a s s e n b l i e s ,  A s i g n i f i c a n t  we igh t  advantage i s  shown f o r  t h e  all-aluminum assembly.  
Though aluminum b e l l o w s  have n o t  been e x t e n s i v e l y  used i n  t h e  p a s t ,  d a t a  from 
bellows manufac tu re r s  show t h a t  aluminum be l lows  w i l l  b e  s a t i s f a c t o r y  as l o n g  a s  
high p r e s s u x e s  and l a r g e  d e f l e c t i o n s  a r e  avoided.  S i n c e  t h e s e  c o n d i t i o n s  do n o t  
occur  i n  the low p r e s s u r e  APS, a n  all-aluminum assembly was s e l e c t e d .  
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COMPONENT 
BIMETALLIC JOINTS - 132 45 - 
LINEAR COMPENSATORS 390 449 195 224 
ANGULAR COMPENSATORS 287 144 
( 4 ) SELECTION 
ALUMINUM AND STAINLESS STEEL LINE WEIGHT COMPAWlSON 
Orbiter B 
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r i le  ach-Levement of f a i l  o p e r a t i o n a l / f a i l  s a f e  c a p a b i l i t y  relies on i s o l a t i n g  
a faileJ-open o r  l e a k i n g  eng ine  v a l v e ,  t h u s  p r e v e n t i n g  e x c e s s i v c  l o s s  of p r o p e l l a n t .  
Evaluation cf a l t e r n a t e  i s o l a t i o n  v a l v e  concep t s  was performed d ~ r i n g  Subtask A. 
Sne selccted concept  uses  an i s o l a t i o n  v a l v e  f o r  each eng ine  r i n g  (4 e n g i n e s )  t o  
protect a g a i n s t  a  s i n g l e  f a i l u r e ,  and a backup i s o l a t i o n  valve  f o r  two r i n g s  i n  t h e  
evect  of  t w o  f a i l u r e s .  S i n c e  t h e  i s o l a t i o n  v a l v e  b locks  flow t o  f o u r  e n g i n e s ,  
a c t a a t i o n  would r e s u l t  i n  t h e  shutdown of o p e r a t i o n a l  eng ines .  Th i s  was accom- 
nodated~ by p r o v i d i n g  s u f f i c i e n t  eng ine  t h r u s t  l e v e l  and number of eng ines  t o  s a t i s f y  
o p e r a 5 i u n a l  (nominal)  r equ i rements  w i t h  one r i n g  i n o p e r a t i v e  and s a f e  (minimum) 
rfcjdre*qeaz.ss w i t h  two r i n g s  o u t ,  Shutdown of eng ine  r i n g s  n o t  o n l y  reduces  t h e  
number of i s o l a t i o n  v a l v e s  r e q u i r e d ,  b u t  a l s o  p r e v e n t s  c o n t r o l  a x i s  c ross -coupl ing  
after a f a i l u r e ,  s i n c e  t o r q u e s  remain ba lanced .  
The i s o l a t i o n  v a l v e  i s  a  Mar t in  M a r i e t t a  v i s o r - t y p e  v a l v e ,  shown i n  F igure  E-5.  
IJaPve c ; a r a c t e r i s  t i c s  a r e :  
we igh t ,  l b  16 
d i a m e t e r ,  i n  7  
response  t ime ,  s e c  3.5 (0.25 s e c  w i t h  minor m o d i f i c a t i o n )  
naximurn l eakage ,  3 x lo--6 
SCC Helium/sec 
T ~ P  valve c o n s i s t s  of a  6061-T6 aluminum hous ing ,  17-7PH s t a i n l e s s  s t e e l  
T o P ? e t ,  bridge and s h a f t ,  Tef lon  poppet s e a l ,  a  28 vdc permanent magnet motor and 
associated s w i t c h e s  and c o n t r o l s .  Sequence of o p e r a t i o n  i s  i l l u s t r a t e d  i n  F igure  
E--5. An e c c e n t r i c  s h a f t  t r a n s m i t s  a  f o r c e  t o  t h e  b r i d g e  and poppet through a  l i n k  
and pin I n  t h e  i n i t i a l  sequence,  t h e  poppet i s  drawn away from t h e  s e a t  and h e l d  
i n  a i i g n r n e ~ t  by a gu ide  p i n  i n  l o n g i t u d i n a l  s l o t s  i n  t h e  b r i d g e .  A f t e r  t h e  s h a f t  
h3s r s t n t e d  180 deg,  the poppet and b r i d g e  a r e  t i l t e d  t o  a p o s i t i o n  i n  l i n e  w i t h  
the fluid flow. The r e v e r s e  a c t i o n  o c c u r s  when t h e  v a l v e  i s  c l o s e d .  The v a l v e  i s  
~ r o v i d e d  w i t h  p o s i t i o n  c o n t r o l s  f o r  b o t h  open and c l o s e d  poppet .  I n  t h e  c l o s e d  
position, the poppet i s  locked  by over  c e n t e r  camrning and by l o c k i n g  t h e  s h a f t  
t n r o u g t  the r e d u c t i o n  g e a r i n g  by a  magnet ic  b r a k e  on t h e  motor s h a f t ,  w h i l e  i n  t h e  
open p o s i t i o n ,  t h e  v a l v e  s h a f t  i s  locked by t h e  same magnet ic  b r a k e  and t h e  poppet  
i s  held open by f l u i d  f low f o r c e s .  
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SHAFT CONTROL PLATE 
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I I FLOW 
CONTROL PLATE 
(c) Open Valve 
M A R T I N  MARIETTA  GORP. ISOLATION VALVE 
FIGURE E-6 
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The boos ter  APS i n s t a l l a t i o n  i s  shown i n  Figure E-7. The engines were in-  
s t a l l e d  i n  a v a i l a b l e  l o c a t i o n s  forward, between and a f t  of t h e  main engine tanks, 
This arrangement proved t o  be t h e  most advantageous i n  terms of AgS engine number 
and t h r u s t  l e v e l s  (Sect ion 3 . 0 ) .  The subsystem uses t h e  main engine p r e s s u r i z a t i o a  
l i n e s  f o r  p rope l l an t  d i s t r i b u t i o n ,  thus  minimizing APS manifolding. A t o t e l  of 
twenty 2500 l b  t h r u s t  engines have been i n s t a l l e d  i n  such a manner that no engine 
pene t r a t e s  t h e  lower thermal p ro t ec t ion .  The forward p i t c h - r o l l  engines are  
canted outward t o  avoid APS plume impingement on t h e  o r b i t e r  during c r i t i c a l  
s t a g i n g  opera t ions .  
The o r b i t e r  APS i n s t a l l a t i o n  i s  shown i n  Figure E-8. Again the  engines have 
been i n s t a l l e d  forward and a f t  of t h e  main engine tanks ,  and no engines pene t r a t e  
t h e  lower h e a t  s h e i l d  sur face .  A t t i t u d e  and v e r t i c a l  maneuvering requirements are 
s a t i s f i e d  by t h e  fou r  r i ngs  of fou r  engines each. Yaw and l a t e r a l  t r a n s l a t i o n  
maneuvers a r e  accomplished wi th  two groups of s i d e  mounted engines ,  i n s t a l l e d  f o r e  
and a f t  o f  t h e  v e h i c l e  cg. S i x  base-mounted and t h r e e  nose-mounted engines provide 
f o r e / a f t  t r a n s l a t i o n .  A s e p a r a t e ,  h igh  t h r u s t  OMS provides t h e  l a r g e  maneuvers 
and i s  i n s t a l l e d  I n  t h e  a f t  end of t h e  o r b i t e r .  The OMS i n s t a l l a t i o n  r e f l e c t s  
p r o p e l l a n t  and engine envelopes a s soc i a t ed  with an RLlO engine subsystem providing 
1150 f t / s e c  maneuvering c a p a b i l i t y .  The APS performs t h e  remaining small maneuver 
and a t t i t u d e  c o n t r o l  requirements.  Separa te  APS s t o r a g e  tanks have been provided 
forward of t he  cargo module t o  meet APS requirements.  Liquid p r o p e l l a n t s  from the 
APS s t o r a g e  tanks a r e  de l ive red  t o  tank mounted h e a t  exchangers,  where they a r e  
condit ioned f o r  main engine tank  resupply. Vapors a r e  drawn from t h e  main engine 
t anks ,  mixed wi th  l i q u i d  p r o p e l l a n t s  t o  c o n t r o l  engine i n l e t  cond i t i ons ,  and 
de l ive red  t o  t h e  engines through main engine tank p r e s s u r i z a t i o n  l i n e s ,  
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APPENDIX F 
SPACE SHUTTLE VEHICLE DESCRIPTION AND REQUIREMENTS 
F-1 . INTRODUCTION 
This  appendix desc r ibes  t h e  v e h i c l e  con f igu ra t ions  and miss ion  i r e q u i r a e n t s  
which were used a s  a b a s i s  f o r  t h e  Subtask B APS des ign  d e f i n i t i o n  s t u d i e s ,  Two 
v e h i c l e s ,  one boos ter  and one o r b i t e r ,  were s e l e c t e d  by the  NASA. T h e  booster 
was a single-body s t a g e  employing swept wings and a canard. The o r b i t e r  v e h i c l e  
s e l e c t e d  ( i d e n t i f i e d  a s  o r b i t e r  B) was a s t r a i g h t  wing low cross-range stage which 
was designed t o  r e e n t e r  a t  a high ang le  of a t t a c k  t o  minimize v e h i c l e  heating rates 
and temperatures.  The o v e r a l l  vehic le /miss ion  requirements ,  subsystem and sm- 
ponent des ign  c r i t e r i a  and v e h i c l e  con f igu ra t ions  and c h a r a c t e r i s t i c s  are described 
i n  t he  fol lowing paragraphs. Deviat ions from t h e  requirements of t h i s  appendix, 
as noted elsewhere i n  t h i s  r e p o r t ,  were made wi th  the  expressed knowlledge and coa- 
s e n t  of t he  NASA t echn ica l  d i r e c t o r .  
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A genexal diescr ipt ion of t h e  missions and t h e i r  requirements a r e  shown i n  
F r g u r e  F-1, The r e fe rence  mission used i n  designing t h e  APS was t h e  l o g i s t i c s  
resupply miss io2  sf  a space s t a t i o n  o r  space base. The design r e fe rence  o r b i t  was 
a 270 nautical a i l e  c i r c u l a r  o r b i t ,  wi th  a 55 degree i n c l i n a t i o n .  
The aission t imel ines  f o r  t h e  Space S ta t ionIBase  L o g i s t i c s  Mission a r e  pre- 
sented ia l i g u r e s  F-2 and F-3. Because t h e  in-plane phasing wi th  a space s t a t i o n  
ge:?e~ali;. +?lil random over long per iods  of s h u t t l e  launch oppor tun i t i e s ,  an  
ea;-:v :3r-d a r b i t )  rendezvous and a l a t e  (17th o r b i t )  rendezvous a r e  necessary t o  
cover both snnall and l a r g e  phase angle  v a r i a t i o n s  a t  o r b i t  i n s e r t i o n .  F igure  F-2 
prese-7ts the o r b i t e r  t h i r d - o r b i t  rendezvous t imel ine .  F igure  F-3 p re sen t s  t h e  
17 :I-, c ; b i t  rendezvous t ime l ine ,  and Figure  F-4 p re sen t s  t h e  boos ter  t imel ine .  
~heA1; req~ITrement t o  be provided f o r  a t t i t u d e  maneuvers not  l i s t e d  i n  t he  time- 
ILnes ,  i s  10 f t / s e c  f o r  t h e  o r b i t e r  and 4 f t / s e c  f o r  t he  boos t e r ,  both based on 
ve3iel.e nain engine cu to f f  weights.  
The maneuvering requirements f o r  t h e  o r b i t e r  and boos ter  during t h e  Space 
Station/3ase Log i s t i c s  Mission a r e  shown i n  F igures  F-5 and F-6, 
F-2 
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FIGURE F- 3 (CONCLUDED) 
LOW PRESSURE APS 
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EVENT 
DURATION 
MINUTES 
EVENT 
COMPLETION 
TIME* 
-
EVENT 
0 Staging 
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PROPULSION HEQUIRE AIENT DESCRIIJ'T IOS 
Separation of booster and orbiter 
( No APS requirement) 
Post Separation Damping of main engine cutoff and separation 
transients. 
3. 0.7-0.8 Orientation 
4. 0 . 9 - i . 1  Attitudehold 
5. 1 .9-6.1 Entry 
Maneuver vehicle to reentry attitude. 
5 t Z 0  deadband 
i2" deadband 
:::Time i s  referenced to Event 1 in minutes unless othenvise stated. Both 
nlinilnurn and maxinlum cumulative times a r e  shown. 
SPACE STATION/BASE LOGISTICS MISSION 
TIMELINE - BOOSTER FIGURE F-4 
F-15 
WCDONNELL DOUGLAS ASTRONAUTlCS COMPANY m EAST 
LOW PRESSURE APS 
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FIGURE F-6 
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F-3. SUBSYSTEMICOMPONENT DESIGN CRITERIA 
The APS i s  cons t ra ined  t o  ope ra t e  f o r  a  minimum of 100 mission cyc le s  over an  
eigk- year period without  major overhaul  o r  refurbishment.  Addi t iona l ly ,  t h e  APS 
m c s :  fail o ~ e r a t i o n a l  a f t e r  f a i l u r e  of any c r i t e r i a 1  component, and a f t e r  t h e  
seccnid fallrrre rn~ist provide s a f e  ope ra t ion  f o r  crew su rv iva l .  Spec i f i c  c r i t e r i a  
app-led t o  APS des ign  a r e  summarized below: 
(1) A material u l t i m a t e  f a c t o r  of 2.0 was app l i ed  t o  s t r e s s e s  r e s u l t i n g  from 
plessure cond i t i ons ,  s e p a r a t e  from o t h e r  loads .  
'""G prope l l an t  r e s e r v e  was added t o  t h a t  es t imated t o  b e  consumed i n  a  \ - 1  
rnLssio~r cycle .  
( 3 )  F i l l i d  l i n e  s i z e s  were s e l e c t e d  on t h e  b a s i s  of design v e l o c i t i e s  t h a t  
r e s u l t e d  i n  acceptab le  compromise between t h e  excess ive  p re s su re  drop 
proiamced by smal l  diameter tubing and t h e  weight and c o s t  of l a r g e  
diameter tubing. Gas v e l o c i t i e s  were l imi t ed  t o  Mach 0.3 o r  l e s s .  
(43  Flight components were l imi t ed  t o  those  requi red  f o r  f l i g h t  ope ra t ions ,  
except for components requi red  f o r  on-board checkout and se rv i c ing .  
Component i n t e g r a t i o n ,  packaging, and s i m p l i c i t y  of checkout was con- 
s~de-nrecl where advantages i n  m a i n t a i n a b i l i t y ,  s e r v i c e a b i l i t y ,  replace-  
abi j_i t - rf ,  weight and c o s t  could be  r e a l i z e d .  
(5) Provisions f o r  ease  of i n spec t ion ,  s e rv i c ing  and maintenance was in-  
corporated i n  t h e  subsystems and component des ign  t o  meet t h e  s h o r t  
t -~rn-around and launch p repa ra t ion  requirement.  
F-:> 
MCO0,WWELL DOhdiGBiAS ASTRONAUTICS COMPANY r E A S T  
LOW PRESSURE APS 
SUBTASK 5 
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F-4. BOOSTER CHARACTERISTICS 
The boos t e r  i s  a  single-body s t a g e  employing swept wings and a canard,  Yifr- 
o f f  weight  of t h e  boos t e r  is  approximately 2,840,000 I b  . Airbz e ariling cruise 
engines  a r e  mounted i n  t h e  canard f o r  f lyback  and f e r r y  opera t ions .  
Ex te rna l  and i n t e r n a l  p r o f i l e  in format ion  i s  presented i n  Figures  F-T 2.nd 
P-8. Fu r the r  in format ion  on mass c h a r a c t e r i s t i c s ,  tankage, p r o p e l l a n t  resfduaBs,  
and hea t ing  environments is g iven  i n  F igures  F-9 through F-11. Aux i l i a ry  p r o p u l -  
s i o n  t h r u s t e r  l o c a t i o n s  a r e  shown i n  F igure  F-12. The r e l a t i o n s h i p  of vehicle tank 
v e n t  p r e s su re  ve r sus  tank  weight i n c r e a s e  i s  presented i n  F igure  F-13. 
MGDONMELL DOUGLAS ASTRONAUVlCS COMPANV - EAST 
LOW PRESSURE APS 
SUBTASK B 
REPORT MDC E0302 
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F- 20 
MCDONNELL DOUGLAS ASTRONAUTICS COMPANY EAST 
FIGURE F-7 
LOW PRESSURE APS 
SUBTASK 5 
NIGLIOAlNELL DOUGLAS ASTRONAUTICS COIWPAN'V - EAST 
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bUSS CHAIWCTEHISTICS 01: BOOSTEII 
I 
Mass Characteristics 
Weight (lb) 
Center of Gravity X 
Location (in. ) Y 
Z 
Moment of Inertia Ixx 
(slug - ft2 IYY 
r: lo6) Izz 
PROPELLANT TANKAGE 
CHARACTERISTICS OF BOOSTER 
Staging 
(Booster Burnout) 
474,876 
-2010 
0 
13 
7.017 
53.918 
57.013 
FIGURE F-9 
Initiation of Je t  
Powered Flight 
451,219 
-2004 
0 
14 
7.016 
51.25 
54.354 
* 
Tankage Characteristics 
Volunle (ft3) 
Pressurization Range (psia) 
Vent Pressure  Range (psia) 
Surface Area (ft2) 
Weight (lb) 
Tank 
Iilsulation 
F-22 
MCDONNELI DOUGLAS ASTRONAUTICS COMPANY I EAST 
Liquid Oxygen 
Tank, Boost 
29,885 
25-27 
28-3d 
5030 
11,842 
Liquid Hydrogen 
Tank, Boost 
82,951 
25-27 
28-30 
12,520 
3030 
Liquid Hydrogei~ 
Tank, Je t  Fuel 
9692 
30-32 
34- :6 
i 
LOW PRESSURE APS 
TUBTASK B 
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RESIDUAL PROPELLANTS OF BOOSTER 
Residual Characteris t ics  
Mass a t  burnout (lb) 
Mass percent liquid (%) 
Temperature of vapor (O R) 
Total pressure  (psia) 
Heat leak into liquid propellant ( ~ t u / h r / f t ~ )  
Mass of helium pressurant  (lb) 
*:Autogenous pressurization system assumed. 
FIGURE F-10 
' MCDONNELL DOUGLAS ASTRONAUTlCS COMPANY - EAST 
Liquid Hydrogen 
Boost Tank 
6886 
8 8 
2 6 
100-330 
0 :: 
4 
Liquid Oxygen 
Boost Tank 
18,796 
7 6 
26 
100-1000 
0 :,: 
LOW PRESSURE APS 
SUBTASK B 
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FIGURE F-11 
F- 24 
MCOONNELI DOUGLAS ASTRONAUTICS COMPANY - EAST 
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Thrus t  Vector 
Location (in. ) Direction Cosine 
Thrus t e r  X Y Z X Y Z 
Pitch -858 12 193 0 0 - 1 
Pitch -858 -12 193 0 0 - 1 
Yaw -858 192 12 0 - 1 0 
Yaw -858 192 - 12 0 - 1 0 
L. 
Pitch -858 12 -190 0 0 1 
Pitch -858 -12 -190 0 0 1 
Yaw -858 - 192 12 0 1 0 
Yaw -858 -192 -12 0 1 0 
Roll/Pitch -2658 552 215 0 0 - 1 
Roll/ Pitch -2658 552 154 0 0 1 
Roll/Pitch -2658 -552 2 15 0 0 - 1 
Roll/Pitch -2658 - 552 154 0 0 1 
Yaw -2778 74 5 195 0 - 1 0 
Yaw -2796 74 5 195 0 - 1 0 
Yaw -2778 -745 195 0 1 0 
Yaw -2796 -745 195 0 1 0 
J 
AUXILIARY PROPULSIOX SYSTEM 
THRUSTER LOCATIONS - BOO$TER FIGURE F-12 
MCCIONNELL DOUGLAS ASTRONAUTICS COMPANY I EAST 
LOW PRESSURE APS 
SUBTASK B 
TANK MATERIAL - 2219-162 ALUMINUM 
70 
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MAXIMUM VENT PRESURE ( p i r )  
Tank weight sensitivity - booster. 
FIGURE F-13 
F-26 
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F-5. ORBITER B CHARACTERISTICS 
O r b i t e r  B i s  a  s t ra ight-wing,  low cross-range s t a g e .  The o r b i t e r  w e i g k c  a t  
b o o s t e r l o r b i t e r  s e p a r a t i o n  is  approximately 665,000 l b .  Ai rbrea th ing  engines are 
l oca t ed  i n  pods on each s i d e  of t h e  f u s e l a g e  f o r  f lyback  and f e r r y  ope ra t i ons ,  
Ex te rna l  and i n t e r n a l  p r o f i l e  in format ion  i s  presen ted  i n  F igures  F-14 and 
F-15. Fu r the r  in format ion  on m a s s  c h a r a c t e r i s t i c s ,  tankage, propellarat  residuals, 
and hea t ing  environments i s  presen ted  i n  F igure  F-16 through F-18. Ae~xiLFary 
propuls ion  t h r u s t e r  l o c a t i o n s  a r e  l i s t e d  i n  F igure  F-19. 
IVIGC;)ONNILL C1)OUOLAB AITROM&UTICI COMPANV I EAST 
LOW PRESSURE APS 
SUBTASK 8 
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FIGURE F-14 
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FIGURE F-16 
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2 
Hydrogen Oxygen 
Residual Characteris t ics  Boost Tank Boost Tank 
Liquid Mass  a t  burnout (lb) 736 2440 
Vapor m a s s  a t  burnout (lb) 167 1191 
Helium m a s s  in the tank (lb) 2 .95  1.18 
Vapor temperature a t  burnout (O R) 4 54 379 
Tank pressure  at burnout (psia) 2 6 26 
Heat r a t e  into tank skin ( ~ t u / h r / f t ~ )  7-36 4-TBD 
RESIDUAL PROPELLANTS OF ORBITER B 
FIGURE F-17  
YCDONNELL DOUGLAS ASTRONAUr8CS COMPANY r EAST 
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FIGURE F-18 
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AUXILIARY PROPULSION SUBSYSTEAI THRUSTER 
LOCATIONS, ORBITER B 
WCDONNELL DOUGLAS ASTRONAUTlCS COMPANY - EAST 
FIGURE F-19 
). 
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